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INTRODUCTION AND EXECUTIVE SUMMARY 
 

Background 

 

The Earth is rich in water, with an estimated total volume of 1.386 billion km
3
 (USGS 

2008), but water is fast becoming a limiting natural resource for human populations 

(UNESCO 2006). Only about 2.5% of Earth’s water is freshwater and most of this 

freshwater is stored in glaciers or deep groundwater (Wetzel 2001). Still, the 

remaining volume of circulating freshwater, estimated to be 113–120 thousand km
3
 

(UNESCO 2006), is much greater than the estimated human demand (ca. 7,452 

km
3
/y; Hoekstra and Chapagain 2007). The annual discharge of the world’s rivers (ca. 

45,500 km
3
/y; Oki and Kane 2006) also far exceeds the total human demand. Thus, 

the primary cause of freshwater shortage is not insufficient volume of circulating 

freshwater but, rather, the uneven distribution of water in space and in time. Wide 

variation in rainfall creates deserts and rainforests, droughts and floods. This variation 

is, perhaps, the primary reason that water management is required to protect and use 

water resources wisely. Population growth, pollution, and the need to protect natural 

systems increases the need for sound water management (UNESCO 2006).  

 

Florida has been a leader in water management since passage of the Florida Water 

Resources Act (Chapter 373 Florida Statutes [F.S.]) in 1972. The overarching goal of 

the Actis to realize the full beneficial use of water resources and to ensure their 

sustainability (373.016 (1), (2), F.S.). Sustainability requires that the water needs of 

natural systems are met in order to protect water quality, natural resources, fish, and 

wildlife. Thus, water use in Florida is constrained in order to protect natural systems 

(Figure 1). Protection of natural systems requires an understanding of their water 

requirements. Indeed, the need to determine the water requirements of natural 

systems is one of the primary reasons that scientific research is an integral part of 

sound water management. 

 

Florida’s Water Resources Act  requires that each water management district develop 

a District Water Management Plan (DWMP) that includes a water supply assessment 

and any completed water supply plan. The St. Johns River Water Management 

District (SJRWMD) has completed two water supply assessments (Vergara 1998, 

SJRWMD 2006) and two water supply plans (Vergara 2000, SJRWMD 2006a). 

These planning efforts indicated that growth in water demand from 1995–2025 

cannot be met solely by groundwater in central portions of the SJRWMD. Doing so 

would create a reasonable likelihood that there would be unacceptable impacts to 

groundwater quality, native vegetation, lakes, and springs. 
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The South Florida Water Management District (SFWMD), the Southwest Florida 

Water Management District (SWFWMD), and SJRWMD jointly recognized the 

potential for harm to water resources in central Florida. Consequently, the districts 

produced the Recommended Action Plan for the Central Florida Coordination Area 

(SFWMD, SWFWMD, SJRWMD 2006). (The Central Florida Coordination Area 

encompasses the water utility service areas in central Florida where the boundaries of 

the three districts meet.) The Action Plan capped groundwater use at 2013 demand, to 

prevent harm to water resources and natural systems of the region and the districts 

have adopted by rule specific requirements related to water use in the Central Florida 

Coordination Area. The three districts agreed that alternative water supplies (AWS) 

will be needed to meet water demands above the 2013 level.  

 

The SJRWMD’s Water Supply Plan, 2005 (SJRWMD 2006a) identified many 

potential AWS sources. Among these sources were surface water from the Ocklawaha 

River and surface water from the St. Johns River. Hall (2005), based on hydrologic 

modeling, estimated that 107 million gallons per day (mgd) could be withdrawn from 

either Rodman Reservoir or the Ocklawaha River channel without causing 

unacceptable environmental harm. An important regulatory tool for preserving natural 

systems is the statutory authority to set minimum flows and levels (MFLs). Water 

management districts are required to set MFLs for surface and ground waters 

- 

Figure 1. The Florida Water Resources Act (373.012373.200 F.S.) directs water management districts to provide 
sufficient water for all reasonable-beneficial uses and to provide sufficient water for natural systems. Scientific 
research is necessary to determine the water requirements of natural systems. Through management of water, the 
goal is to provide for sustainable use and protection of water resources. 

Science 

Provide sufficient water for all  
existing and future  

reasonable - beneficial uses 

Provide sufficient  
water for natural  

systems 

Water  
management 

Sustainable use and  
protection of water  

resources 
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(373.042, F.S.) to ensure the protection of natural systems. The SJRWMD adopted 

MFLs three locations along the St. Johns River: the St. Johns River at State Road 

(SR) 44  and near DeLand (Mace 2006); the St. Johns River near SR 50 (Mace 

2007a); and Lake Monroe (Mace 2007b). Hydrologic modeling indicated that a 

constant withdrawal of 155 mgd would not cause violations of the MFLs at DeLand 

(Robison, 2004).  

 

The SJRWMD Governing Board subsequently requested that a comprehensive 

cumulative impact evaluation  regarding the effect of potential withdrawals of surface 

waters from the Ocklawaha and St. Johns rivers be undertaken.,. Consequently, the 

Governing Board approved this project: The Alternative Water Supply Cumulative 

Impact Assessment (AWS CIA), of which the phase 1 results are presented here in 

volumes 1 and 2.  The assessment will be used by the District, as appropriate, for 

making decisions in the consumptive use permitting, MFL development and water 

supply planning processes. 

 

Project Structure 

 

Personnel of the AWS CIA are organized into of seven work groups: hydrologic and 

hydrodynamic modeling; biogeochemistry; plankton; benthos; littoral zone; fish; 

wetlands and wetland-dependent species (Table 1). These groups cover the complete 

riverine system, extending from the mouth to the headwaters from the channel out 

onto the floodplain, and from bottom habitats into the water column. Each work 

group has a group leader that is a SJRWMD senior scientist and one or more other 

SJRWMD staff. In addition, each work group, except the wetlands group, is assisted 

by at least one non-District scientist with nationally recognized expertise in the 

requisite discipline. 

 

The National Research Council of the National Science Foundation will provide peer 

review for the AWS CIA project. 

 

Project Schedule 

 

The AWS CIA is a three-year project (Table 2). It began in January 2008 and will be 

completed by December 2010. Phase I began in January 2008 and will end with the 

completion of the Phase I report in December 2008. Phase II will commence in 

January 2009 with completion in 2010.  
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Table 1. Organization of personnel for the project 

 
 

 

In October 2008, SJRWMD staff and expert consultants met in a symposium to 

exchange information among the study groups and to discuss accomplishments during 

Phase I. The symposium was broadcasted live on the Internet and was open to the 

public. Public comment was accepted at the meeting and at an e-mail address for a 

week after the meeting. We anticipate two more symposia: in September 2009 and 

September 2010. 

 

Concurrent with the project, over the next two years, the National Research Council 

(NRC) will be completing a peer review. The NRC panel will review project 

materials and will meet approximately every four months. The NRC panel’s final 

report will be produced in September 2010.  

 

Goals and Objectives of the AWS CIA 

 

The project’s goal is to provide a comprehensive and scientifically rigorous analysis 

of the potential environmental effects to the St. Johns River of surface water 

withdrawals as high as 262 mgd. This is a scientifically complex endeavor. Of all the 

environmental factors controlling the ecological characteristics of freshwater 

ecosystems, the water budget is salient. The water budget controls variations in depth, 

water retention time, and water flow velocity. These hydrologic characteristics, in 

STUDY GROUPS 

HYDROLOGY       BIOGEOCHEMISTRY       PLANKTON        BENTHOS          LITTORAL ZONE            FISH             WETLANDS
GROUP LEADERS
Peter Sucsy Lawrence Keenan       Mike Coveney     Rob Mattson    Dean Dobberfuhl  Steve Miller    Palmer Kinser      

STAFF
Getachew Belaineh      Angelique Keppler          John Hendrickson     Robert Virnstein    Rob Mattson            Walt Godwin Donna Curtis
David Christian              Bill VanSickle                   Rolly Fulton                Palmer Kinser        Lori Morris                Roxanne Conrow   Sandra Fox    
Ki Jin Park                       John Hendrickson           Erich Marzolf                                              Robert Virnstein      Ron Brockmeyer    Aisa Ceric
Joseph Stewart              Ed Lowe                            Larry Battoe
Ed Carter                                                                   Dean Dobberfuhl

EXPERTS
Ivan Chou Ramesh Reddy                Hans Paerl                   Ken Cummins        Ken Moore               Jonathon Shenker  
James Martin                  Ed Phlips                      Rich Merritt
A. J. Mehta                                                                                                      Paul Montagna
Louis Motz
Shahrohk Rouhani 

Chief Scientists – Ed Lowe, Larry Battoe

Chief Engineer – Peter Suscy

Project Manager – Tom Bartol
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turn, are primary factors influencing water quality, primary producer community 

structure and function, and the species composition of the flora and fauna. The water 

budget also is fundamental for estuaries. The inflow of freshwater to the estuary 

carries nutrients essential to estuarine productivity and the freshwater dilutes salts in 

inflowing marine waters creating the salinity gradient that is essential to the 

biological character of estuaries. For a river such as the St. Johns, reduction of the 

water budget has the potential to affect virtually every major component of the 

ecosystem downstream of the reduction. 

 

An initial objective of the AWS CIA will be delineation of the palette of potential 

effects. From the plethora of potential effects, each working group will then need to 

determine which effects would be sufficiently important to serve as a potential 

constraint on water use. In determining whether an environmental effect could be a 

reasonable basis for constraining water use, each group must consider at least three 

dimensions for the predicted effect: its likelihood, strength, and persistence. As used 

here, likelihood includes both the inherent temporal variation, as captured in the 

return frequency, and the statistical and mechanistic uncertainty associated with the 

chain of causation. Strength includes the intensity of the effect, its spatial magnitude, 

and its influence on other ecosystems components or on human uses. A weak effect, 

even though it may be likely and persistent, could well be an insufficient endpoint as 

the basis for a constraint on water use. On the other hand, a strong effect that is 

reasonably persistent could well be the basis for a constraint, even if its likelihood is 

very low. 

 

To evaluate the numerous potential effects of withdrawals, the AWS CIA will need to 

develop credible causal linkages between a withdrawal of water and significant 

environmental endpoints (Figure 2). A withdrawal can affect flow rate, water 

velocity, and water level. These hydrologic effects can, in turn, elicit secondary 

hydrologic effects such as decreased depth in the river channel and in the floodplain 

wetlands, decreased hydroperiod (duration of inundation), increased frequency of 

floodplain exposure, and increased upstream movement of marine waters. Each of 

these effects can elicit a tertiary response such as increased oxidation of organic soils. 

It is clear that the diversity of potential effects grows with each level of causation. It 

is also likely that the uncertainty, either statistical or mechanistic, will increase with 

each causal link. The primary objective of each working group is to develop credible 

chains of causation between important environmental phenomena and hydrologic 

changes associated with water withdrawals. 
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Table 2. AWS CIA project schedule 
 

Date Group Action Item Other 

Sep. 2008 SJRWMD Technical symposium Gainesville, Fla. 

Sep. 2008 SJRWMD Draft phase 1 report  

Oct. 1, 2008 Both Agreement effective  

Oct. 1, 2008 NRC Begin reimbursable work—form committee, plan first 
meeting 

 

Dec. 2008 SJRWMD Provide phase 1 report and update to NRC (Update 
will include progress report and issues to be 
considered by committee.) 

 

Dec. 2008 NRC 1st committee meeting 

 Field trip 

 Information gathering session (7 Florida work 
groups) 

 Figure out where to focus first report 
(hydrodynamic models?) 

SJRWMD will 
attend  

March 2009 SJRWMD Update to NRC  

April 2009 NRC 2nd committee meeting 

 ½ deliberate about writing; finalize first report 

 ¼ dialogue with scientists 

 ¼ presentations about new topic 

SJRWMD will 
attend  

June 2009 NRC First thematic report (topic: models?)  

July 2009 SJRWMD Update to NRC  

August 2009 NRC 3rd committee meeting 

 ½ deliberate about writing; finalize second report 

 ¼ dialogue with scientists 

 ¼ presentations about new topic 

SJRWMD will 
attend 

Sep. 2009 SJRWMD  Technical meeting Location TBD, 
Florida 

Oct. 2009 NRC Second thematic report (topic?)  

Nov. 2009 SJRWMD Update to NRC  

Dec. 2009 NRC 4th committee meeting 

 ½ deliberate about writing; finalize third report 

 ¼ dialogue with scientists 

 ¼ presentations about any remaining topics 

SJRWMD will 
attend 

March 2010 NRC Third thematic report(s) to include comments on 
progress report(s) 

 

June–July 
2010 

SJRWMD  Draft phase 2 report  

July 2010 NRC 5th committee meeting 

 ½ deliberate about final report 

 ½ dialogue with scientists 

SJRWMD will 
attend 

Sep. 2010 SJRWMD Technical meeting Location TBD, 
Florida 

Sep. 2010 NRC Final report   

Sep.–Dec. 
2010 

SJRWMD Final AWS CIA report  

  



Introduction 

 

 

DRAFT St. Johns River Water Management District 

 7 

 

 

 
 

 

It will be insufficient simply to develop qualitative causal linkages. From qualitative 

information alone, one cannot determine what level of water withdrawal might elicit 

significant adverse effects. Thus, another objective of the working groups is to 

develop quantitative response functions that link an environmental effect to a 

hydrologic/hydrodynamic variable that can, in turn, be linked to a water withdrawal 

(Figure 3). These response functions (or models) can then be used to set 

environmental boundaries that delineate varying levels of significance. These 

boundaries may then serve as constraints on water withdrawals. 
 

Phase I Report 

 

This report documents the progress of the project during phase I, approximately the 

first 10 months of work. The findings are interim and will be superseded by those of 

the final report from phase II.  

 

Figure 2.   The analysis of potential effects requires linking withdrawals to environmental endpoints through a  
credible chain of causation   

Water level 

Salinity 

Water age Flow rate 

Flow velocity  

Depth 

Hydroperiod 

Inundation frequency 

Wetland P storage 

P loading rate 

Fish egg survival Wetland Vegetation 

Retention Time 

Withdrawal  

Wetland fauna 
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Phase I of the AWS CIA was a coarse analysis of the potential environmental effects 

of surface water withdrawals on the St. Johns River using the best available 

information. There were several significant accomplishments in phase I. First, each 

group developed a suite of potential environmental effects and performed an initial 

evaluation of the relative importance of each. A few potential effects were removed 

from further consideration. Second, each group began the development of causal 

linkages between withdrawals and environmental effects. In some cases, quantitative 

response functions were developed. Third, new data collection was initiated for those 

areas where data deficiencies had already been identified. Specifically, we initiated 

sampling of the ichthyoplankton in the upper and middle St. Johns River, increased 

the sampling frequency for phytoplankton in Lake George, increased salinity 

sampling in the lower St. Johns River, and increased the intensity of sampling of 

sensitive beds of submersed aquatic vegetation in the lower St. Johns River. Fourth, 

phase I identified any other additional data, research, or modeling needs. Last, during 

phase I we organized the project teams, contracted with outside experts, and 

contracted with the National Research Council for peer review.  We also held a two-

day symposium in September, in Gainesville, that was hosted by the Water Institute 

of the University of Florida. This symposium brought together all the outside experts 

Mean Flow Rate  

 

Water Withdrawal   

1. 

Mean Water Level  

 

Mean Flow Rate   

2. 

P Sequestration Rate  

 

Mean Water Level   

3. 
Environmental  
boundary 

Hydrologic  
boundary 

.   

Figure 3. The effect of each step in a mechanistic chain must be quantifiable either by 
a mechanistic or empirical model. These models define response functions that link 
an environmental endpoint to withdrawals. This is a conceptual example ending at the 
P sequestration rate of wetland organic soils. 
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and SJRWMD scientists and engineers for an exchange of information and ideas. It 

was open to the public and was broadcast over the Internet. 
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VOLUME 1—HYDROLOGY 
 

CHAPTER 1: GEOSTATISTICAL ANALYSIS OF OBSERVED DATA IN SUPPORT OF 

THE ANALYSIS OF THE IMPACT OF ALTERNATIVE WATER SUPPLY 

WITHDRAWALS FROM THE ST. JOHNS RIVER, FLORIDA 
 

Joseph B. Stewart, Dr Shahrokh Rouhani, and Dr Peter Sucsy 

 

Executive Summary 

 

The St. Johns River watershed owes its geologic structure to the variability of sea 

level over millions of years. The modern St. Johns River is a connected series of 

drowned relic lagoons and marsh areas whose openness is maintained by the presence 

of a constant artesian source. The resultant low-gradient system allows the Atlantic 

Ocean to exert a strong backwater effect well upstream to the middle St. Johns River. 

 

As part of the ongoing work to assess the potential impacts of withdrawals of surface 

water from the St. Johns River, Dr. Shahrokh Rouhani conducted a geostatistical 

analysis on existing observed data at select locations in the river. The overall 

objectives of these analyses were to examine stage-discharge relationships within the 

middle St. Johns River and the influence of ocean stage on both stage and discharge 

in the middle St. Johns River.  

 

Analyses included four tasks presented as the following questions: 

 

 Is there a discharge level at DeLand below which stage and discharge are not 

correlated? 

 Is it possible to separate out when river stage at DeLand is affected by ocean level 

versus river discharge? 

 Is it possible to assign a probability for daily reverse flow at DeLand as a function 

of a longer-term average discharge condition? 

 Is it possible to demonstrate that mean stage at DeLand is increasing because of 

sea level rise? 

 

Ocean water level varies because of both tide and weather. In general tidal variability 

is semidiurnal (a high tide occurs twice per day). Water level variability by weather is 

generally slower than the tides with typical time scales of days to months and is 

referred to as low-frequency variability. In the St. Johns River ocean tide propagates 

as far as Lake George, where it is dampened out, while low-frequency water level 

variability propagates farther upstream into the middle St. Johns River. The response 
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of the middle St. Johns River to low-frequency ocean water level forcing can result in 

daily flow reversals. 

 

A key result of this study is the lack of correlation between stage and discharge at 

DeLand below the average stage and average discharge. Below the average discharge, 

middle St. Johns River stages are dominated by low-frequency ocean water level 

variability. 

 

These results have direct implications for evaluating the effects of water withdrawals 

on the system since it means that under low-flow conditions, when the fraction of 

flow withdrawals is greatest, a reduction in discharge has the least effect on stage. In 

this context, an evaluation of the effects of reduction of discharge at DeLand, whether 

by direct surface water withdrawals for water supply or by diversion of waste streams 

for reuse, should focus on increased residence time and increased frequency of 

reverse flow events.  

 

Reverse flow events have the greatest likelihood of occurrence in the dry season 

(April–July). This is the period when discharge is lowest and the difference between 

ocean stage and middle St. Johns River stage is at its minimum. 

 

Stage in the middle St. Johns River is increasing due to global ocean sea level rise at a 

rate of 1–3 mm yr
-1

. Given that the average slope from DeLand to Mayport is only 1.2 

mm/km, sea level rise should be considered in any long-term strategies for managing 

the lower and middle portions of the St. Johns River. 

 

CHAPTER 2: HYDRODYNAMIC MODELING OF THE LOWER ST. JOHNS RIVER AND 

LAKE GEORGE 
 

Dr. Peter Sucsy and David Christian 

 

Executive Summary 

 

The Lower St. Johns River Hydrodynamic Model (LSJRHM) is an application of the 

Environmental Fluid Dynamics Code (EFDC) model. The LSJRHM was originally 

developed for use in setting pollution load reduction goals (PLRGs) and total 

maximum daily loads (TMDLs). The LSJRHM has also been used for tracking 

wastewater treatment plant discharges, operational real-time forecasting , and 

assessment of salinity response to channel dredging. For phase I of the AWS CIA, an 

extended version of LSJRHM was used to simulate salinity changes in response to 

water withdrawals and other factors. 

 

For this study, the LSJRHM was extended temporally to the period 1995–2005 and 

spatially to include the additional upstream areas of Lake George and Crescent Lake. 
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The extended version of the LSJRHM is called the lower St. Johns River extended 

hydrodynamic model (LSJREHM). The model includes forcings by: (a) ocean water 

level; (b) tributary and spring discharge; (c) discharge from wastewater streams; (d) 

rainfall and evaporation; (e) wind; and (f) specified salinity at inflow locations and at 

the open ocean boundary. 

 

Tributary discharges input to the model include 79 subbasins entering the lower St. 

Johns River, six subbasins entering Crescent Lake , 13 subbasins entering Lake 

George, nine springs, the Ocklawaha River, an upstream flow boundary at Astor, and 

36 wastewater streams. Tributary flows entering the lower St. Johns River and 

Crescent Lake were provided by hydrologic simulations of daily discharges using the 

hydrologic simulation program-FORTRAN (HSPF). The total average discharge 

entering the model domain is 232.7 m
3
 s

-1
 (5300 MGD), of which approximately 

78.5% was gauged. 

 

Over the 11-year period for the model simulation, annual rainfall varied from 83 \–

157 cm. Low rainfall totals, representing dry years, occurred in 1999 (93 cm), 2000 

(83 cm), and 2002 (108 cm). High rainfall totals, representing wet years, occurred in 

2003 (146 cm), 2004 (134 cm), and 2005 (157 cm). 

 

Model output was compared against observed tidal water level, discharge, and 

salinity for model calibration. Tidal water level errors are generally less than 15%. 

Root-mean square errors (RMSE) for total hourly water level are less than 10 cm. 

 

The correlation between paired observed and simulated instantaneous discharge was 

good (R
2
 = 0.97). The model matched observed monthly averaged discharge well, 

indicating that the global model water budget is accurate. 

 

Correlations for simulated and observed salinity values were high at all stations, with 

R
2
 ranging from 0.77–0.95. The average relative error was less than 20% at all 

stations. 

 

This study focused on the upstream extent of marine salinity because of possible 

detriment to submerged aquatic vegetation (SAV). A salinity level of five has been 

preliminarily indentified as a threshold for stress to SAV. During the model period of 

1996–2005, the farthest upstream extent of salinity exceeding five was near Shands 

Bridge.  

 

Model results show that daily salinity range is greatest within the narrow navigational 

channel between Dames Point and Acosta Bridge. The typical daily range of salinity 

at Dames Point is 5–15. Daily salinity range declines gradually between Acosta and 

Buckman Bridge and then more rapidly between Buckman and Shands Bridge, where 

daily salinity range greater than one occurs only during relatively infrequent periods 
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of salinity intrusion. In the freshwater segment of the river, upstream of Shands 

Bridge, daily salinity range reduces to less than 0.1. 

 

The calibrated model can be used to examine alterations in salinity, water level, and 

flushing from upstream water withdrawals throughout the lower St. Johns River, Lake 

George, and Crescent Lake. 

 

CHAPTER 3:  SALINITY SCENARIOS 
 

David Christian and Dr. Peter Sucsy 

 

Executive Summary 

  

A range of scenarios was developed to investigate the relative importance of several 

factors that could alter salinity in the Lower St. Johns River. The following four 

factors were considered:   

 

 Upstream water withdrawals for consumptive use  

 Channel deepening of Jacksonville Harbor and the river entrance 

 Diversion of wastewater streams for reuse and nutrient reduction 

 Sea level rise 

 

The effect of upstream water withdrawals on salinity was tested with a single scenario 

(the full water withdrawal) that removes a total of 262 mgd of flow. The 155 mgd is 

removed at the upstream Astor boundary and 107 mgd is removed from the 

Ocklawaha River.  

 

Tests of channel deepening considered four channel depth scenarios, labeled A–D. 

Channel Deepening Scenario A corresponds to a 38-ft project depth in the main 

channel with a 33-ft depth in the western Blount Island channel. This scenario is the 

pre-1999 configuration. Channel Deepening Scenario B corresponds to a 40-ft project 

depth in the main channel with a 38-ft depth in the western Blount Island channel. 

This is the existing channel configuration. Channel Deepening Scenario C 

corresponds to a proposed 45 ft-project depth in both channels. Channel Deepening 

Scenario D has the same channel depths as Scenario C, but further deepens the river 

entrance to the U.S. Navy (Mayport) turning basin to 50 ft. 

 

For the wastewater reuse scenario, all wastewater plants were removed from the 

model, thus reducing inflow by 136.5 mgd.  
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This study examined three different sea level rise (SLR) scenarios for a target year of 

2033. The first scenario (Historic SLR) considered the historic trend in sea level rise. 

The second scenario (Median SLR) considered the current trend plus the median 

projection for sea level rise due to climate change. The third scenario (High SLR) 

considered the current trend plus the highest 1% projection for sea level rise due to 

climate change. The projected 2033 water level increase for the three scenarios is 

5.94 cm, 10.25 cm, and 21.4 cm. 

 

Results show that the proposed channel deepening scenarios to a 45-ft project depth 

cause the greatest increase in St. Johns River salinity. The channel deepening 

increased average salinity 2.2 psu at the Talleyrand Terminal. The full water 

withdrawal produced the next greatest increase in salinity of 0.7 psu near Arlington 

River. Water reuse also produced and increase of 0.7 psu near the Buckman 

wastewater discharge but the extent of the impacts due to wastewater reuse were 

more localized near the point sources. The sea level rise scenarios had the least effect 

on salinity and produced maximum increases in average salinity of 0.15, 0.24, and 0.5 

psu, respectively. 

 

CHAPTER 4: MODELING STUDY FOR MIDDLE ST. JOHNS RIVER 
 

Dr. Ki Jin Park 

 

Executive Summary 

 

Sediment is carried to and deposited in water bodies such as lakes, rivers, and 

estuaries by wind, stormwater, surface runoff, and river flow. In lakes, resuspension 

of sediment is mainly by wind-generated waves. In rivers, sediment is transported by 

short-term high flows, and in such circumstances, much of the sediment transport 

occurs under a high freshwater flow condition. A reduction in river flow may cause 

some suspended sediment to settle out of the water column and deposit onto the bed, 

thus reducing total suspended solids (TSS) concentration in the water column. 

Decreasing water level in a lake could increase sediment resuspension to the water 

column due to resuspension by waves. 

 

The St. Johns River Water Management District (SJRWMD) conducted a 

hydrodynamic and sediment transport modeling study to evaluate the effects of 

freshwater withdrawal on sediment transport in the Middle St. Johns River using a 

three-dimensional hydrodynamics model (CH3D) and associated sediment transport 

model CH3D-SED3D. The hydrodynamics model (CH3D) simulates circulation due 

to river discharge, wind, tide, waves, and density gradients. The sediment transport 

model simulates the transport, mixing, deposition, and resuspension of both fine- and 

coarse-grained sediments.  
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The model domain covers the middle St. Johns River from Lake Harney (near 

Geneva) to upstream of Lake George near Astor. Due to availability of measured 

data, January 1–December 31, 2005 (365 days), was chosen as the simulation period. 

 

Results show good agreement between observed and simulated water level and 

discharge, except for an overprediction of water level during the extreme high flow 

conditions in October 2005. Since the hydrodynamic model does not presently 

include the flood plain, the model cannot account for increased storage during high 

flow periods and thus overpredicts water level during October 2005. 

 

Calculated RMS errors between observed and simulated water level were 6.7–13.8 

cm for the entire 12-month period and 4.7–9.3 for a nine-month period that excludes 

the high flow period when floodplain storage influences water level and flow. 

Calculated RMS errors between observed and simulated discharge were 9.5–50.6 cm 

for the entire 12-month period and 9.4–15.9 for the nine-month period.  

 

Sediment calibration was accomplished by matching simulated and observed 

distributions of TSS concentrations that are characteristics of TSS within the major 

lakes and river channels of the study area. 

 

A baseline simulation was compared with three water withdrawal scenarios to 

evaluate the impact of water withdrawal on water level, flow, and TSS concentration. 

The total withdrawal for each scenario was 155 mgd with differences in withdrawal 

locations. 

 

Water level differences were less than 4 cm for all locations and scenarios. The flow 

differences varied from 1.3–6.7 m
3
/s according to location and withdrawal scenario. 

TSS changes were negligible because the water level decrease is small and flow 

reduction slightly decreases TSS resuspension. Therefore, we recommend no further 

study of sediment resuspension for the cumulative impact study. 

 

A combined Lower St. Johns River and Middle St. Johns River model was developed 

to further evaluate water level changes throughout the system due to water 

withdrawals could be made. RMS errors for water level and flow simulated with the 

combined model were similar to those simulated with the original MSJR model.  

 

The model was used to examine a combined withdrawal scenario of 155 mgd from 

the Middle St. Johns River and 107 mgd from the Ocklawaha River. The greatest 

decrease in water level was 4.3 cm at Osceola. Water levels decrease less than 1.5 cm 

in the Lower St. Johns River downstream of Buffalo Bluff. Water level at Astor had a 

maximum decrease of 1.2 cm and average decrease of 0.7 cm. 
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For future study, the hydrodynamic model of the MSJR will be expanded to include 

the adjacent flood plain to improve simulation of water level and discharge under 

high flow conditions. 

 

CHAPTER 5: SCREENING LEVEL EVALUATION OF THE POTENTIAL INFLUENCE OF 

PROPOSED SURFACE WATER WITHDRAWALS ON GROUNDWATER DISCHARGE 
 

Louis H. Motz, P.E. and Ali Sedighi, E.I. 

 

Executive Summary 

 

As part of the St. Johns River Water Management District’s (SJRWMD’s) screening 

level analysis to examine the cumulative effects of potential surface water 

withdrawals in the St. Johns River Basin and Lower Ocklawaha River (LOR) Basin, 

the investigation described in this report evaluated the increases in groundwater 

discharge and chloride flux that will occur relative to decreases in river stage 

associated with the potential surface water withdrawals. The investigation was aimed 

at assessing the hydraulic connection between the groundwater system and the LOR 

and St. Johns River and evaluating the impact of the potential withdrawal of 262 

million gallons per day (mgd) on groundwater discharge and chloride flux into the 

rivers. Two of the SJRWMD existing regional groundwater flow models, the north-

central Florida (NCF) and the east-central Florida (ECF) models, were used to 

estimate the groundwater discharge and chloride fluxes that occur between the 

groundwater and surface water systems. Data obtained from monitoring wells and 

SJRWMD’s chloride map were used to represent the chloride concentration in the 

upper Floridan aquifer in the study area.  

 

Segments were delineated along the LOR and St. Johns River that would be affected 

by the potential surface water withdrawals, and simulations were performed to 

estimate the increases in groundwater discharge and chloride flux that will occur into 

these segments of the LOR and St. Johns River, including both diffuse upward 

leakage and point discharges at major springs. Also, simulations were performed to 

estimate reductions in base flow in the LOR and St. Johns River that have occurred 

due to groundwater pumping in the study area.   

 

In east-central Florida, chloride concentrations in the upper Floridan aquifer generally 

range from 0 to 250 milligrams per liter (mg/L) in most of the area. However, 

chloride concentrations are greater than 1,000 mg/L along most of the course of the 

St. Johns River and along the Atlantic Coast from about Cocoa northward to St. 

Augustine. Similarly, chloride concentrations in the lower Floridan aquifer range 

from less than 250 mg/L in most of the area to more than 5,000 mg/L along the SJR. 

Along the St. Johns River, high chloride water has been measured in wells near the 

northeast shore of Lake Harney, near the southeast shore of Lake George, and near 
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the north shore of Lake Poinsett. Upstream from State Highway 50, flow in the St. 

Johns River during extended dry periods consists of highly mineralized water that is 

derived mostly from upward leakage from the upper Floridan aquifer and return flow 

from irrigated farms.  

 

To quantify increases in groundwater discharge and chloride flux that potentially will 

occur in response to lowered river stages in segments of the LOR and St. Johns River, 

the river, lake, and spring stages in the groundwater models, which were calibrated to 

average 1995 conditions, were assumed to represent an initial condition relative to the 

potential surface water withdrawals. To represent the effects of the surface water 

withdrawals, five scenarios were hypothesized in which the river, lake, and spring 

stages in the models were lowered from the initial (average 1995) condition in 

increments of 0.25 ft up to 1.00 ft in the areas along the LOR and SJR under 

consideration for surface water withdrawals. Because of the linearity of the 

groundwater models and the equations on which they are based, the increases in 

groundwater discharge and chloride flux are linearly proportional to the perturbations 

in the river stage. Thus, increases in groundwater discharge and chloride flux can be 

interpolated for any amount of river stage decrease over the entire 1.0-ft range of 

decrease in river stage when it is determined later exactly how much the amount of 

decrease will be in a particular segment of the LOR or St. Johns River. The maximum 

1.00-ft decrease in stage, selected to provide a maximum range of response to the 

potential surface water withdrawals, is considerably greater than the actual decrease 

in river stage, which is anticipated to be on the order of a few tenths of a foot.    

 

The results were tabulated separately for each delineated segment for each of the five 

scenarios. Net groundwater discharge values for each segment were obtained by 

calculating the discharge and recharge values for each model cell in a segment and 

summing the results. Spring discharges were included in these calculations. Chloride 

fluxes between the aquifer and stream segments were calculated by multiplying the 

discharge values of each model cell by the chloride concentration of that cell. The 

chloride flux discharge values for all river, drain, and constant head boundary model 

cells in a segment were summed to calculate the total flux in each segment. Spring 

chloride fluxes were included in these calculations.    

 

Water surface profiles for the five scenarios for the LOR in the segment from Conner 

to Eureka were created and imposed onto the selected model boundary cells of the 

NCF regional groundwater flow model. The net discharge into the river cells that 

represent this part of the LOR, from Eureka to Conner, was simulated to increase by 

52.3% in response to the maximum 1.00-ft decrease in river stage.  

 

Water surface profiles for the five scenarios for the St. Johns River were created and 

imposed onto the selected model boundary cells of the NCF regional groundwater 

flow model for one segment from DeLand to Astor. Similarly, water surface profiles 
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for the five scenarios for the St. Johns River, from Melbourne to DeLand, were 

created and imposed onto the selected model boundary cells of the ECF regional 

groundwater flow model for seven segments from DeLand to Melbourne (i.e., from 

DeLand to Sanford, Lake Monroe, Lake Jesup, Lake Harney, from Lake Harney to 

Christmas, from Christmas to Cocoa, and from Cocoa to Melbourne). The simulated 

groundwater discharge into the St. Johns River is greatest in the segments from 

DeLand to Sanford, Astor to DeLand, and Lake Harney to Christmas for all five 

scenarios. The three largest increases in the groundwater discharge into the St. Johns 

River are in the segments from Cocoa to Melbourne, Astor to DeLand, and Christmas 

to Cocoa, which were simulated to increase by 32.9%, 14.9%, and 14.1%, 

respectively, in response to the maximum 1.00-ft decrease in river stage.  

 

The chloride fluxes between the upper Floridan aquifer and the areas of the LOR that 

will be affected by the surface water withdrawals were calculated by multiplying the 

discharge values of each river boundary cell in the segment between Eureka and 

Conner by the chloride concentration of that cell and summing the results. The 

chloride flux discharged into the river cells that represent this segment of the LOR 

was simulated to increase by 16.0% in response to the maximum 1.00-ft decrease in 

river stage.  

 

The simulated discharge values in the river and drain cells in the NCF model and 

corresponding chloride concentrations were used to calculate the chloride flux into 

the segment along the St. Johns River between Astor and DeLand, and the simulated 

discharge values in the river, constant head, and drain cells in the ECF model and 

corresponding chloride concentrations were used to calculate the chloride fluxes into 

the seven segments along the St. Johns River between DeLand and Melbourne. The 

simulated chloride fluxes are greatest in the segments from Lake Harney to 

Christmas, DeLand to Sanford, and in Lake Harney for all five scenarios. The three 

largest increases in the chloride fluxes discharged into the St. Johns River are in the 

segments from Cocoa to Melbourne, Astor to DeLand, and Christmas to Cocoa, 

which were simulated to increase by 33.7%, 17.8%, and 14.1%, respectively, in 

response to the maximum 1.00-ft decrease in river stage.    

 

Simulations also were performed to estimate the impact that groundwater pumping in 

the study area has had on base flow in the LOR and St. Johns River. No-pumping 

scenarios were run for the NCF and ECF models, and the resulting increased 

discharges in the river, lake, and constant-head cells that represent the LOR and St. 

Johns River were compared to the corresponding discharges in the calibrated 1995 

simulations for these models. Differences between the no-pumping and 1995 

discharges were attributed to groundwater pumping in the study area. Following this 

procedure, base flow reductions due to pumping were calculated for the LOR for the 

segment from Eureka to Connor and for the St. Johns River for the seven segments 

from Astor to Melbourne. Also, the percentage increase in the net groundwater 
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discharge for each segment was calculated. The impacts that groundwater pumping 

has had on base flow range from approximately 2% in the LOR between Conner to 

Eureka to more than 14% into Lake Jesup. 

 

Overview of Phase II Hydrologic and Hydrodynamic Work 

 

Hydrologic and hydrodynamic components for phase II of the AWS CIA are 

summarized below. The phase II work will be completed by September 2010. 

 

Hydrologic Modeling 

 

Phase II work for hydrologic modeling will focus on completion of HSPF models for 

the Lake George Basin and Wekiva River.  

 

Stage and velocity alterations due to water withdrawals in the Upper St. Johns River  

will be assessed using existing HSPF models of that basin. 

 

Land use layers will be developed within a geographic information system (GIS) that 

establish land use for a defined baseline year and a future time horizon. These land 

use layers will then be used to estimate changes to hydrologic response caused by 

past and future land use changes. The predicted hydrographs for past and future 

conditions will be supplied to hydrodynamic models to predict changes to water level, 

velocity, and retention time that could result from altered land use. 

 

Hydrodynamic Modeling 

 

The primary focus of hydrodynamic model development will be inclusion of adjacent 

wetlands and flood plains into the model grids. The hydrodynamic model of the 

Middle St. Johns River will be expanded to include the adjacent flood plains, 

particularly those areas surrounding Lakes Jesup, Harney, Monroe, and Woodruff. 

 

A high-resolution, two-dimensional tide model of the coastal shelf, tidal estuaries, 

and salt marshes will be implemented to establish tidal ranges, velocities, flow 

patterns and discharges throughout the Lower St. Johns River and interconnected 

areas. 

 

A combined Lower St. Johns River/Lake George/Middle St. Johns River 

hydrodynamic model will be developed to predict water level, velocity, salinity, and 

retention time (water age). 

 

A heat budget will be added to the combined model to examine the effects of water 

withdrawals on water temperature. 
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Cumulative impact scenarios will be developed and tested that combine the effects of 

projected water withdrawals, existing permitted consumptive use from a baseline 

year, existing groundwater pumping, projected removal of treated wastewater for 

reuse, sea level rise, future dredging proposals, and land use changes. 

 

Water Budgets 

 

A total water budget will be developed to assimilate existing sources of data into a 

single conceptual framework. The budget will merge existing surface water budgets 

developed from HSPF modeling studies with existing groundwater budgets developed 

from regional groundwater models. The fate of water distributed for consumptive use 

will also be considered. 
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VOLUME II—ECOLOGY 

 

CHAPTER 1: BIOGEOCHEMISTRY  
 

Lawrence Keenan, Angelique Keppler, Ima Bujak, Edgar Lowe, K. Ramesh Reddy, Alan Wright 

 

The effects of alternative water supply (AWS) withdrawals on the biogeochemical 

dynamics of organic floodplain soils were assessed using existing information. While 

reductions in stage or flow are the important aspects used by the other assessment 

groups, the important variable driving biogeochemical effects is the decrease in the 

inundation frequency of the soil. Small differences in stage over time can result in 

moderate decreases in inundation frequency over a large area of the floodplain. 

Decreased inundation frequency means increases in the time organic soils (histosols) 

are exposed and subject to more rapid rates of decay and oxidation.  

 

We have proposed and applied a method for assessing potential environmental effects 

caused by reduced inundation of wetland histosols and the resultant changes in 

release rates of nutrients and other constituents from the soils. Our initial, worst case 

assessment indicates that biogeochemical effects in the MSJRB and the USJRB could 

be significant. In phase 2, this work will be refined by using data on rates that is more 

relevant to wetland histosols that have not been drained for long periods of time.  

 

We also conclude that there is no reasonable likelihood of significant biogeochemical 

effects in the LSJRB derived from increased exposure of wetland histosols because, 

here, river stages will not be materially affected by water withdrawals. At low flows, 

river stage is strongly controlled by sea level rather than flow rate. At high flows, the 

water withdrawals become a very small proportion of the total river flow and, 

consequently, also will have no material effect on stage. Even if there were some 

small increase in average release rates, given the potential area of contributing soils 

relative to the magnitude of the river flow in this reach, the proportional increase in 

loading would be negligible. 

 

CHAPTER 2: PHYTOPLANKTON  
 

M. F. Coveney, J. C. Hendrickson, R. S. Fulton, E. R. Marzolf,  

D. R. Dobberfuhl, H. W. Paerl, E. J. Phlips 

 

Plankton (phytoplankton and zooplankton) are basic to the food web in aquatic 

ecosystems. Hydrologic conditions affect planktonic communities in lakes, rivers, and 

estuaries. Higher flows generally mean increased nutrient loading and shorter 

hydraulic residence times through river reaches and run-of-the-river lakes. These 
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processes interact to affect growth of phytoplankton and particularly development of 

cyanobacterial blooms. The Plankton and TMDL Work Group was charged with the 

identification and quantification of possible environmental impacts of water 

withdrawals on plankton communities and established total maximum daily loads 

(TMDLs) in the Lower and Middle St. Johns River. Phase 1 of this project focused on 

answering the following questions, where feasible, with existing data:  

 

 What are the potential impacts, and which impacts are likely to be significant?  

 What mechanisms or empirical relationships connect direct hydrologic 

consequences of water withdrawal to direct or indirect environmental 

impacts?  

 What environmental and hydrologic criteria are appropriate to measure 

impacts?  

 What environmental and hydrologic boundaries define significant adverse 

effects?  

 

We considered 16 potential impacts of water withdrawals on plankton communities. 

Hydrology strongly affected relationships among nutrients and phytoplankton 

biomass. Nutrient concentrations either decreased or were unaffected at long 

residence times (low flows). Phytoplankton biomass and percent dominance by 

cyanobacteria both increased with long residence times. Durations of algal blooms in 

the freshwater Lower St. Johns River increased with long water-residence times 

measured as simulated water age. During periods of short residence times (high 

flows), other limitations such as light or flushing rate prevented algal biomass from 

reaching levels commensurate with nutrient concentrations. Dissolved color increased 

at short residence times, which likely resulted from flooding of riparian wetlands at 

high stages and from increased watershed runoff. High dissolved color likely 

contributed to light limitation of phytoplankton biomass at high flows. Consequences 

of phytoplankton blooms in the Lower St. Johns River included reduced abundance of 

crustacean zooplankton, periods of low dissolved oxygen (DO) after bloom collapses, 

algal toxins, and internal loading from nitrogen fixation. Because of this cause-and-

effect relationship, the effects of proposed water withdrawals on these phenomena 

will be aggregated with effects on phytoplankton blooms. Work in phase II will 

refine, expand, and complete the analyses begun in phase I. We will complete 

evaluation of the potential effects under consideration and evaluate specific water 

withdrawal scenarios. The final report will cover both phases I and II of the project.  

 

CHAPTER 3:  BENTHOS 
 

Rob Mattson, Bob Virnstein, Palmer Kinser, Ken Cummins, Rich Merritt, Paul Montagna 

 

Benthic macroinvertebrates (invertebrate animals retained by 200-–500 micron mesh 

sieve) are an ecologically important group of animals in freshwater and estuarine 



Volume II Executive Summaries 

 

 

DRAFT St. Johns River Water Management District 

 25 

habitats in the St. Johns River drainage. Alterations in macroinvertebrate 

communities will have broader ramifications in food webs in the river and estuary, as 

they are staple food items in the diets of fish of recreational and commercial 

importance and vertebrates of conservation interest (listed species). They are 

particularly useful as ecological indicators or sentinels because they integrate short-

term changes in environmental conditions over longer time scales. Existing data and 

literature were reviewed and site visits were made to evaluate how changes in 

hydrology due to water withdrawal might affect benthic invertebrate communities in 

the St. Johns River and estuary. 

 

The most broad-ranging, direct effect of river flow reductions on freshwater 

macroinvertebrates will be loss of aquatic habitat. The macroinvertebrate 

communities of the river will reflect changes in habitat, including volume or area and 

quality (e.g., plant community composition). Evaluation of invertebrate taxa 

functional characteristics (feeding mode, life habit, habitat preference and life 

cycle/broods per year) permits more comprehensive analysis of both structural and 

functional changes in benthic invertebrate communities. Crayfish (primarily 

Procambarus alleni and P. fallax) and the native Florida apple snail (Pomacea paludosa) 

were identified as key target freshwater taxa for protection and hydrologic criteria to 

protect these have been proposed. 

 

The major effect of alterations in hydrology on the estuary of the St. Johns River will 

be manifested in changes in salinity. Salinity changes will affect macroinvertebrate 

communities directly and will also affect important invertebrate habitats (e.g., beds of 

submerged aquatic vegetation [SAV]). The St. Johns River estuary includes a broad 

oligohaline zone (0.5–5.0 ppt mean annual salinity) and spatial shifts in salinity 

(upstream movement of higher salinities) appear to be the main effect of reductions in 

flow. Macroinvertebrate data collected from SAV habitats in the lower river and 

upper estuary were analyzed using multivariate techniques. The invertebrate 

communities clustered according to lower (<1 ppt) and higher (2–4 ppt) salinities. It 

was difficult to make broad conclusions about the impacts of salinity change on 

estuarine benthic macroinvertebrates due to the narrow range of salinities sampled in 

the SAV study. Sampling over a broader salinity range could be linked to 

hydrodynamic models of the estuary to predict potential macroinvertebrate 

community shifts. 

 

Blue crab (Callinectes sapidus) and penaeid shrimp (primarily the white shrimp, 

Litopenaeus setiferus, and brown shrimp, Farfantepenaeus aztecus) were identified as 

target estuarine taxa of mega-epifauna due to their substantial commercial fishery 

value in the St. Johns estuary. Most life stages of these taxa have broad salinity 

tolerance ranges, and impacts of salinity change on them may be significant primarily 

by affecting critical nursery habitats for juveniles and young stages of these taxa. 

 



Alternative Water Supply Cumulative Impact Assessment 

 

 

St. Johns River Water Management District DRAFT 

26 

 

CHAPTER 4: LITTORAL ZONE 
 

Dean R. Dobberfuhl, Rob Mattson, Kenneth Moore, Lori Morris, Robert Virnstein 

 

Submerged aquatic vegetation (SAV) is an important resource in the St. Johns River. 

SAV serves as refuge for juvenile fish, provides spawning habitat, anchors sediment, 

competes with phytoplankton for nutrients, and serves as food for manatees, turtles, 

and waterfowl. Anecdotal information suggests that historical levels of SAV may 

have been reduced by anthropogenic activities such as channel dredging, shoreline 

armoring, dock construction, and anthropogenic pollution inputs. Additional surface 

water withdrawals also have the potential to affect SAV. As a habitat critical to the 

health and function of the river, impacts to the SAV would affect many other 

components of the ecosystem. 

 

This report examines littoral zone conditions within the mainstem of the St. Johns 

River. Because a healthy and intact littoral area in the river is generally well-covered 

with SAV, we have chosen to use SAV as the primary indicator of littoral condition. 

The primary mechanisms of interest are the direct and indirect effects of hydrologic 

alterations on SAV condition. Direct effects include physical changes to the water 

column including flow velocities, stage, and hydrologic residence time. Indirect 

effects include water quality changes influenced by hydrologic alterations including 

saltwater intrusion, increased algal production, nutrient concentration, and light 

availability. 

 

In this phase I report, a list of possible impacts to SAV as a result of surface water 

withdrawals were identified. These potential impacts were then prioritized according 

to likelihood of occurrence based on professional judgment, literature review, and 

analysis of existing data. Impacts were then ranked with respect to priority, based 

predominantly on the perceived severity of the impact. The comprehensive list of 

possible impacts, with likelihood of occurrence and priority ranking, were 

summarized. The body of this report evaluates the impacts and indicates those 

impacts that will receive additional consideration during phase II of the project. The 

most significant finding was the critical role of salinity. Various levels of salinity 

exposure and duration were hypothesized as important thresholds to be further 

investigated and compared to measured field data in phase II (Table 3). Finally, gaps 

in information as well as further research and analyses needed to assess more 

completely the effects of water withdrawals on SAV in the littoral zone are presented. 
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Table 3. Hypothesized submerged aquatic vegetation responses to various salinity levels and 
exposure durations 

 

 
 

 
 

CHAPTER 5: FISHES 
 

Jonathan Shenker, Steven J. Miller 

 

We present a preliminary assessment of the potential impacts of surface water 

withdrawals on St. Johns River fish populations. At least 171 species of fish have 

been reported to occur in the St. Johns River, including 55 freshwater species and 116 

species that are considered either marine or euryhaline.  

 

The potential effects of water withdrawals on fishes can be divided into two basic 

categories: (1) direct effects from entrainment or impingement of fishes by the water 

withdrawal systems; and (2) indirect effects associated with changes in habitat. 

Nationwide, large numbers of fish are lost annually to water diversions for power 

generation, irrigation, and industrial and domestic use. Such impacts include death or 

injury to aquatic organisms by impingement (being pinned against screens or other 

parts of water intake structures) or entrainment (being drawn into water systems and 

subjected to thermal, physical or chemical stresses). The exposure of fishes to 

potential effects from water intake structures varies as a result of their different life 

history characteristics in relation to the location of the intake structure. Given 

relatively low intake velocities of the proposed withdrawals, adult and juvenile fish 

entrainment or impingement is not considered to be an issue. However, fish eggs and 

larvae will lack the mobility to keep from being entrained by these withdrawals. 
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Ongoing studies are being conducted to evaluate potential entrainment losses and to 

project impacts to adult populations. 

 

Evaluating the effects of surface water withdrawals on fisheries habitat is more 

challenging. Any evaluation of potential impacts of water withdrawals on fishes of 

the St. Johns River must include an examination of the life history and biological 

processes that influence fish population dynamics, such as reproduction, growth, and 

survival, and how these processes may be influenced by habitat changes associated 

with the withdrawals. Changes in fresh water habitat are likely to be minimal and 

difficult to detect.  

 

One area that deserves more detailed consideration is the effect of the withdrawals 

may have on estuarine salinity regimes and how these changes may alter species 

abundances, distribution and dispersal patterns of larval and juvenile fishes. Impacts 

to submersed aquatic vegetation will also be important. Because impacts of surface 

water withdrawals on St. Johns River fishes will likely not elicit broad-based 

community changes, but will be more subtle and species-specific, we identified 22 

species that might be good indicator taxa for looking at withdrawal effects. Each of 

these species either has life history characteristics that may make it vulnerable to 

habitat alteration stemming from reductions in flow or stage, or has regulatory or 

ecological importance.  

 

Of these species, the American shad (Alosa sapidissima) appears to be the species that 

is most vulnerable to potential impacts from proposed water withdrawal projects in 

the middle basin of the St. Johns River. Alterations in water flow rates have the 

potential to affect the upriver spawning migration of adults and the downstream 

migrations of juveniles. Eggs and larvae are potentially subject to direct entrainment 

as intake sites are being considered in the center of what is known as ―shad alley,‖ a 

historical spawning area. American shad are of high importance because the St. Johns 

River constitutes the southern extent of the range of this species and this population 

may be genetically distinct. 

 

American shad populations are also highly depressed along the entire Atlantic 

seaboard, including the St. Johns, and stock recovery is a primary goal of the U.S. 

Department of Commerce Atlantic Marine Fisheries Council, of which Florida is a 

member. Evaluating the potential effects of withdrawals on stock recovery is critical. 

Other important herring species that could also be affected by the withdrawals and 

need to be considered further are hickory shad (Alosa mediocris) and blueback herring 

(Pomolobus aestivalis).  
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CHAPTER 6: PART A—WETLANDS 
 

Palmer Kinser, Sandra Fox, Aisa Ceric 

 

This assessment is one of relative risk and serves to focus attention on those river 

segments where wetland features are at greatest risk. A more exact measure of the 

magnitude, however, will require the more detailed study to be performed in phase II. 

 

As a first phase in the examination of the potential effects from water withdrawal 

from the St. Johns River we have endeavored to give an accurate first impression of 

the diversity of wetlands, soils, landscapes, and hydrological conditions pertaining 

over the length of this very remarkable system. Wetlands vegetation communities 

include a diversity of saline and freshwater herbaceous communities as well as a wide 

range of shrub and forested communities, which vary considerably in their 

sensitivities to declines in river stage. Some of these communities occur on soils of 

low permeability, which are not easily dewatered. Other communities are on soils that 

are highly permeable and more easily dewatered and may also be subject to oxidation 

of the organic matter that may constitute the bulk of the soil matrix. The topographic 

and hydrological milieu under which these communities exist also varies greatly. 

Some are near the river and are inextricably tied to its hydrological pattern. Others 

occur on portions of the landscape in which seepage or flow from tributary streams is 

hydrologically dominant.  

 

Taking all of these considerations as a whole, a first assessment on the level of river 

segments can be made. River Segments 7 (Highway 50) and 8 (Chain of Lakes) 

appear to be at greatest risk from the direct effects of drawdown. Segments 5 (Lake 

Woodruff) and 6 (Central Lakes) may also be at some risk. For the remaining 

segments, there seems relatively little risk from the direct effects of drawdown. The 

risk from increased salinity follows a different pattern. The risk appears definitely to 

be highest for the wetlands of segment 2 (Doctors Lake), although these is also some 

measure of risk in the lower reaches of segment 3 (Deep Creek). There is probably 

little risk of harmful increases in salinity in either segment 4 (Lake George) or 

segment 5 (Lake Woodruff), but there may be some level of risk to segments 6 

(Central Lakes), 7 (Highway 50), and possibly portions of segment 8 (Chain of 

Lakes). A better understanding of the sources and movement of salt into the soils of 

these areas is definitely needed before a more definitive assessment can be made.  
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CHAPTER 6: PART B—WETLAND-DEPENDENT SPECIES 
 

Donna Curtis 
 

This report describes an ongoing literature review related to the hydrologic 

requirements of wetland-dependent species. Four indicator species were introduced— 

wood storks, white ibis, snail kites, and limpkins. These species need landscape-level 

wetland mosaics with horizontal heterogeneity related to water levels and suitable 

nesting substrates. Future literature reviews for other groups with specific hydrologic 

requirements could include shorebirds, waterfowl, and small prey fish assemblages. 

 

Hydrologic requirements are described for the four indicator species with regard to 

foraging and nesting. Wood storks need receding water levels and high forage fish 

densities in water depths of less than 30 cm (<15 in) (Kushlan et al. 1975). For 

nesting, wood storks generally need water depths between 90 cm and 150 cm (3– 5 

ft.) to avoid predation on eggs and young (Ogden 1990). White ibis have an optimum 

foraging depth of 5– 10 cm (0.2 –0.3 ft) (Kushlan 1979b). Its main freshwater food, 

Procambarus alleni (crayfish), can exhibit high densities in depths of about 25 cm (0.8 

ft) (Kushlan 1979b; Kushlan 1986). Snail kites can capture Apple snails in water 

depths up to 16 cm (0.5 ft) (Sykes 1987; USFWS 1999). In Blue Cypress Lake, water 

depths under snail kite nests observed by Toland (1994) varied from about 40 cm to 

120 cm (1.3–3.9 ft). Apple snails require fluctuating water levels ranging from 10 cm 

to 115 cm (0.3–3.8 ft) (Hanning 1978). Specific hydrologic ranges for nesting and 

foraging by limpkins were not reported here, but conditions suitable for viable apple 

snail populations and abundance are necessary for this species. 
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Introduction 

Volume I of  this interim or Phase I report describes work performed by the Engineering Division of the 

St. Johns River Water Management District (SJRWMD) in support of the Cumulative Impact Study.  This 

study primarily examines possible impacts to water level, salinity, and suspended sediment within the 

St. Johns River (SJR) from proposed surface water withdrawals.  The overall goal of the Phase I study was 

to provide screening level analyses to help determine the focus of subsequent studies. 

The work described here falls into three broad categories: geostatistical analyses, surface water 

modeling, and groundwater modeling.  Within each of these categories expert consultants provided 

assistance and review.  The consultants used for the Phase I study are as follows: 

 

Dr. Shahrokh Rouhani, Newfields Inc., Geostatistical Analyses 

Dr. Ashish Mehta, Univ. of Florida, Sediment Transport and Hydrodynamic Modeling 

Dr. James Martin, Mississippi State Univ., Hydrodynamic & Transport Modeling 

Mr. Ivan Chou, Environmental Consulting and Technology, Salinity Modeling 

Dr. Lou Motz, Univ. of Florida, Groundwater Modeling 

 

Geostatistical analyses were undertaken to quantify fundamental relationships between observed data.  

One area of focus was discharge-stage relationships within the Middle St. Johns River (MSJR).  A key 

result is the lack of correlation between stage and discharge throughout the system and the importance 

of ocean water level on stage even up to 250 km upstream of the river mouth. 

Surface water modeling involved the use of hydrologic surface water models in conjunction with 

hydrodynamic in-stream models to simulate stage and flows.  For the Lower St. Johns River (LSJR) and 

Lake George, these models were used to examine the alteration of salinity due to potential water 

withdrawals, channel dredging, wastewater re-use, and sea level rise.  The goal of this modeling study 

was to assess the relative contributions of factors affecting salinity alteration to guide Phase II work.  

The hydrologic and hydrodynamic models of the MSJR were used to assess the impact of stage 

reduction on sediment resuspension.  Finally, a combined LSJR/Lake George/MSJR hydrodynamic model 

was used to estimate reduction in stage throughout the system due to possible water withdrawals. 

Regional groundwater models of the Floridan aquifer were used to estimate existing volume and 

chloride fluxes into various segments of the SJR and Lower Ocklawaha River (LOR).  The groundwater 

models were used to quantify aquifer response in terms of discharge and chloride flux due to stage 

reduction in the MSJR and LOR. 
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Chapter 1 

Geostatistical Analysis of Observed Data in Support of the Analysis of the 

Impact of Alternative Water Supply Withdrawals from the St Johns River, 

Florida. 

Joseph B. Stewart
1
, Dr Shahrokh Rouhani

2
, and Dr Peter Sucsy

3
 

1
Engineer Scientist, PE, St Johns River Water Management District, Palatka FL. 

2
PhD, PE, Newfields Companies, LLC, Atlanta, GA. 

3
Supervising Engineer Scientist, PhD, St Johns River Water Management District, Palatka FL. 

 

INTRODUCTION 

The St Johns River (SJR) watershed owes its geologic structure to the variability of sea level 

over millions of years.  During the Tertiary Period, reefs that grew when the entire region was 

part of a shallow sea were then covered with sand as the state of Florida emerged from the water 

(White, 1970).  The modern SJR is a connected series of drowned relic lagoons and marsh areas 

whose openness is maintained by the presence of a constant artesian source (Pirkle, 1971).  The 

Atlantic Ocean exerts a strong backwater effect well upstream into the SJR due to the low 

gradient of the SJR valley. 

A water withdrawal potential of 155 MGD (240 ft
3
s

-1
, 6.8 m

3
s

-1
) has been proposed for the St 

Johns River at State Rd 44 near DeLand.  This proposal is based on the maximum continuous 

withdrawal rate that meets Minimum Flows and Levels criteria for the SJR at SR44 near DeLand 

(Robison, 2004).  As part of the ongoing work to assess the potential impacts of withdrawals of 

surface water from the SJR, Dr Shahrokh Rouhani conducted a geostatistical analysis on existing 

observed data at select locations in the river (Figure 1.1).  The data used in this study were 

compiled by Joseph Stewart and Peter Sucsy of the St Johns River Water Management District.  

Basic analysis was performed using Excel, and more advanced analysis using Statistical Analysis 

Software (SAS).  Geostatistical analyses in this study focused on the stage and discharge 

relationship at DeLand, and assessed the influence of ocean stage (Mayport) on DeLand stage.  

The tasks in this analysis were posed as questions for Dr Rouhani to evaluate in the way that best 

suited the available data. 

 

PURPOSE 

From Figure 1.1, SR 46 is just downstream of the location in the SJR where the river’s bottom 

elevation is finally higher than the mean ocean water level as referenced at Mayport (Table 1.1).  

From this location north (downstream), the SJR is a continuous pool that would remain filled in 

the absence of runoff or groundwater contribution since the channel bottom elevation is much 



Phase I AWS Engineering – J Stewart DRAFT 29 October 2008 

  
Page 2 

 
  

lower than sea level (ECT, 2007).  Along this pool, the input of water from surface and artesian 

sources produces a horizontal gradient that results in positive (downstream) flow.  However, 

when the downstream stage is greater than the upstream stage for a sufficient duration, flow 

reduction and reverse flows can occur. 

A hydrodynamic model for the MSJR is currently under development.  (A sceening-level version 

is presented in Chapter 4 of this volume.)  The purpose of this study is to provide insight into the 

hydraulic behavior of the MSJR by focusing on a river gage with a long-term dataset.  From the 

available observed data, it is recognized that downstream processes (backwater effects) exert a 

strong influence on the MSJR.  Residence time in the MSJR, then, is not purely a function of the 

amount of time it takes to turn over the volume of water in a reach.  It is influenced by local 

mixing, especially in the flow-through lakes of the MSJR.  Residence time may also be increased 

considerably by the low gradient of the SJR and the influence of backwater effects.  Reverse 

flow events, for example, transport salt and nutrients upstream where they are incorporated into 

local mixing processes.  Backwater effects can also reduce the net downstream movement of the 

river, also affecting residence time over biologically relevant time scales. 

 

Statistical Analysis of SJR Stage and Discharge 

OBJECTIVE 

The overall objectives of these analyses were to examine stage-discharge relationships within the 

Middle St. Johns River (MSJR) and examine the influence of ocean stage on stage and discharge 

in the MSJR.  For this study, the MSJR is defined as the reach between SR46 (south boundary) 

and SR 40 (north boundary).  A station at DeLand (Figure 1.1, location 3) was selected to 

represent the MSJR because of its long period of record (POR) of February 1934 – June 2008 for 

both stage and discharge.  Ocean stage data were available at Mayport (Figure 1.1, location 1) 

for the period April 1928 – March 2008.  DeLand stage data were collected in ft-NGVD29 and 

converted to m-NAVD88 using VERTCON (Milbert, 1999).  Mayport stage data were collected 

in m-NAVD88. 

Analyses included four tasks presented as the following questions: 

 Is there a discharge level at DeLand below which stage and discharge are not correlated? 

 Is it possible to separate out when river stage at DeLand is affected by ocean level versus 

river discharge? 

 Is it possible to assign a probability for daily reverse flow at DeLand as a function of a 

longer-term average discharge condition? 

 Is it possible to demonstrate that mean stage at DeLand is increasing because of sea level 

rise? 
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Figure 1.1.  Study Area and location of data collection sites used in this report. 
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INTRODUCTION 

Selection of POR 

An initial review of discharge data from the DeLand station showed that, prior to 1956, no daily 

reverse flows occurred while daily reverse flows occurred frequently after that year.  Kroening 

(2004) reports that instrumentation capable of measuring reverse stream flows was installed at 

the site in 1956.  For this reason, discharge measurements prior to 1956 were excluded from the 

analysis. 

Discharge Measurement Methods at DeLand 

Because of the importance of measurement method on the accurate measurement of reverse flow 

noted above, the history of both stage and discharge measurement methods at the DeLand gage 

were assembled for review.  While stage data were collected through the entire record by direct 

measurement, discharge at DeLand was derived by various methods over time.  The method used 

for the determining discharge at the DeLand gage through its history was as follows: 

 Slope Rating Method, 1934 – 1975 

 Deflection Vane Meter, 1976 – 1985 

 Electromagnetic Meter, 1986 – 1993 

 Acoustic Velocity Meter, 1994 – 2000 

 Doppler Current Meter (Sontek SL-SW), 2001– Present 

 

Each of these methods involves determining velocity, whether by calculation (slope rating), or 

mechanical means (others).  The velocity is multiplied by the flow cross-sectional area at the 

time of measurement to determine discharge.  The accuracy of the discharge data likely improves 

as data collection methods also improve.  A review of the yearly U.S. Geological Survey (USGS) 

water resources data reports for the DeLand gage indicates that the error in reported data has 

reduced over time as confidence in the collection method has increased.  For this study, we note 

the fact of improving confidence in discharge measurement through time, but choose to give 

equal weight to all discharge records for the analyses. 
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Stage at Mayport and DeLand 

The DeLand gage is 

located approximately 

230 km upstream of 

Mayport (Figure 1.1).  

From Table 1.1 for the 

POR 1956 – 2007, the 

slope of the mean water 

level between the two 

locations was 1.21 mm/km (Δ mean/230 km).  For illustrative purposes, a plot of stage at both 

locations is presented for 2000 – 2007 (Figure 1.2).  For this period, the slope of the average 

water level was 1.09 mm/km.  During periods of low flow, discharge at DeLand comes 

predominantly from baseflow as spring discharge, groundwater seepage, and minimal surface 

runoff.  Two low-flow periods are evident in Figure 1.2 when the respective DeLand and 

Mayport stages converge: (a) January 2000 – July 2001 and (b) July 2006 through most of 2007.  

The average slope during the low flow periods was 0.45 mm/km.  The correlation of DeLand and 

Mayport stages during drought periods has been discussed in other studies (ECT, 2007). 

 

Figure 1.2.  Daily-averaged stage, Mayport and DeLand, 2000 – 2007. 

 

The periods of largest separation between DeLand and Mayport stage seen in Figure 1.2 coincide 

with periods of higher rainfall and freshwater discharge.  During these periods DeLand stage is 

responding to the higher discharges. 

Table 1.1.  Summary statistics for stage and discharge at DeLand 

and Mayport, 1956 – 2007. 

 DeLand Mayport Stage 

 

m-NAVD88 
Stage 

(m-NAVD88) 

Discharge 

(m s
-1

) 

minimum -0.47 -92.26 -0.84 

mean 0.08 84.46 -0.20 

maximum 1.46 452.80 0.62 
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The Mayport gage, located just inside the river mouth, is representative of the Atlantic Ocean 

water level.  The sub-tidal, or low-frequency variability of water level at Mayport was evaluated 

in a previous study (Sucsy, 2002).  Frictional effects of shallow water and the constricting effect 

of river geometry combine to dampen out the dominant semi-diurnal and diurnal variability of 

ocean tide (Smith, 1986), so that only low-frequency, quasi-periodic variability (with typical 

periods of 2 – 12 days) and seasonal variability of ocean water level affects the DeLand gage 

(Lee et al., 1995).  Semi-diurnal ocean tide propagates as far as Lake George (~30 km 

downstream of DeLand), where it is dampened out.   

Discharge and Stage at DeLand 

Figure 1.3 compares daily-averaged stage with daily-averaged discharge and shows that reverse 

flows occur frequently at lower stages.  Superimposed on the plot are data collected during a 

low-flow year (2007, red symbols) and during a high-flow year (2004, black symbols).  Stage for 

the entire 2007 dataset is below 0.5 m NAVD88 and there is no correlation between stage and 

discharge.  Reverse flows are a clear indication of backwater effect (with the river running 

upstream).  What is less clear is the influence of backwater effect on flow reduction (the net 

downstream movement of the river). 

 

Figure 1.3.  Daily stage versus discharge, USGS 02236000, SJR @ SR44 near DeLand, 

Florida. 

 



Phase I AWS Engineering – J Stewart DRAFT 29 October 2008 

  
Page 7 

 
  

RESULTS 

 

Task 1.  Is there a discharge level at DeLand below which stage and discharge are not 

correlated? 

The dataset used for Task 1 was daily stage and discharge at DeLand for the period January 1956 

– June 2008.  The stage and discharge data were organized into 19,139 stage (H) and discharge 

(Q) pairs.  An upper limit of discharge, defined as a Q-Limit, was set in 10 m
3
s

-1
 increments 

ranging from 10 – 400 m
3
s

-1
.  A Pearson Correlation and R

2
 (coefficient of determination) was 

computed for all HQ pairs with discharge less than a given Q-Limit (Figure 1.4).  (Q-Limit is 

synonymous with Discharge Limit in Figure 1.4).  The Q-Limit below which there is consistently 

low R
2
 can be viewed as the discharge level below which stage and discharge are practically 

uncorrelated.  Figure 1.4 shows both a negative correlation and R
2
 near zero for HQ pairs below 

50 m
3
s

-1
.  Below a Q-limit of 90 m

3
s

-1
, the correlation is less than 0.273 and R

2
 is less than 0.1.  

For the POR, the average discharge was 83.95 m
3
s

-1
.  Thus, less than 10% of water level 

variation is explained by discharge below the average discharge at the DeLand gage.   

Correlation between stage and discharge increase with increasing discharge, and R
2
 is finally 

greater than 0.5 only when discharge exceeds 200 m
3
s

-1
.  Only 7 percent of the discharge data 

exceeds 200 m
3
s

-1
. 

 

 

Figure 1.4.  Pearson Correlation and coefficient of determination (R
2
) versus discharge 

limit (Q-Limit) at DeLand. 
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Task 2.  Is it possible to separate out when river stage is affected mostly by ocean level 

versus river discharge? 

The dataset used for Task 2 was daily ocean stage (Mayport) and daily discharge and stage at 

DeLand for the period January 1956 – March 2008.  For Task 2, a multiple regression of stage at 

DeLand (H), the independent variable, was developed using both DeLand discharge (Q) and 

Mayport stage (M) as the explanatory variables.  It is assumed that Q and M are the dominant 

factors influencing stage at DeLand.  However, other factors such as wind may influence stage 

near the DeLand gage.  The multiple regression analysis determines which independent variable 

(Q or M) has a greater effect on the dependant variable (H) at various Q-Limits.  To permit the 

comparison of the different magnitude of the independent variables Q and M, regression 

coefficients are scaled (Montgomery, 2006).  The relative magnitude of the resulting 

standardized coefficients (β) of Q and M for various Q-Limits represents the relative explanatory 

influence of Q and M with respect to H. 

The results of the multiple regression analysis are included in Table 1.2.  From Table 1.2, the 

standardized regression coefficient (β) of Q for the complete data set is nearly twice as large as β 

of M.  However, Figure 1.5 shows that at low discharges (Q) the stage at Mayport (M) becomes 

the dominant explanatory variable.  The results for each Q-Limit analyses are represented 

graphically in Figure 1.5.  From the figure, the decrease in M dominance and increase in Q 

dominance for increasing Q-Limit is also visible, and the inflection point between Q and M 

dominance occurs near 140 m
3
s

-1
. 

Table 1.2.  Results of multiple regression analysis 

Coefficients (Post 1956) 

  

Unstandardized Standardized 

B Std. Error β Std. Error t 

(Constant) -0.054 0.002   0.000 -32.073 

Q 0.003 0.000 0.771 0.000 273.607 

Mayport 0.703 0.005 0.411 0.000 145.663 
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Figure 1.5.  Standardized Regression Coefficient (β) versus Q-Limits, Mayport versus 

DeLand.  
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Task 3.  Is it possible to assign a probability for daily reverse flow at DeLand as a function 

of a longer-term average discharge condition? 

The dataset used for Task 3 was daily discharge at DeLand for the period December 1956 – June 

2008.  The additional truncation of the dataset for the beginning of 1956 was to match the 

seasons defined below and to ensure that the shift to a measurement device capable of measuring 

reverse flows was fully complete.  To evaluate this task, the observed discharge data were 

divided into the following three seasonal categories as previously defined by John Hendrickson 

of the SJRWMD (Stewart, 2007): 

 A frontal season of December – March 

 A dry season of April – July 

 A tropical season of August – November 

These categories were developed to describe phytoplankton processes in comparison to the way 

the SJR responds to runoff from rainfall.  The tropical season typically produces the highest 

runoff to the river, followed by the frontal and then the dry season (Figure 1.8).  In general, the 

frontal season is characterized by moderate precipitation supplied by frontal systems and low 

evaporation.  The dry season, typically the warmest four months in a given year, is characterized 

by moderate precipitation and high evaporation.  The tropical season is characterized by high 

precipitation, driven by convective and tropical storms, and moderate evaporation.  The 

percentage of reverse flow days and average discharge was computed for each season of each 

year through the POR.  Figure 1.6 plots these results and compares the percentage of reverse 

flow days with average seasonal discharge.  A curve, defined as the likelihood of reverse flow 

day occurrence (L), was fitted through the data.  The curve L is a function of the average 

seasonal discharge rate for each specified season. 

For each season, a natural log 

regression produced the best fit 

to observed data (Table 1.3, 

Figure 1.6).  The best fit to the 

data, as indicated by the 

coefficient of determination, was 

for the frontal season, followed 

by the dry season, and then the tropical season.  However, the highest occurrence of reverse flow 

days was during the dry season (Table 1.3). 

 
Table 1.3.  Results of reverse flow analysis by season 

 

Season Regression equation R
2
 

Reverse 
flow days 

frontal L = -0.0642ln(Q) + 0.3063 0.5852 205 

dry L = -0.0849Ln(Q) + 0.3946 0.4950 380 

tropical L = -0.0513Ln(Q) + 0.2559 0.4378 138 
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Figure 1.6.  The likelihood of reverse flow day occurrence versus average seasonal 

discharge. 
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Task 4.  Is it possible to demonstrate that mean stage in the middle basin is increasing 

because of sea level rise? 

The dataset used for Task 4 was daily ocean stage (Mayport) and daily discharge and stage at 

DeLand for the period January 1956 – March 2008.  To evaluate this task, annual means were 

computed for stage (H) and discharge (Q) at DeLand and stage at Mayport (M).  The time-series 

of annual means were then analyzed for temporal trends and these results are plotted in Figure 

1.7. 

As expected, Mayport stage exhibits an increasing trend of 2.7 mm yr
-1

, consistent with previous 

estimates of local ocean sea level rise (Morris, 1995; Zervas, 2001).  DeLand stage exhibits an 

increasing trend of 1.6 mm yr
-1

, less than that for Mayport.  The increase in DeLand stage is 

likely a direct response to sea level rise.  Since the sea level effects of tidal and subtidal 

frequencies tend to impose lower limits on the stage in this region of the SJR (ECT, 2007), the 

effect of sea level rise on the MSJR would be to increase the base pool elevation through the 

same mechanism. 

The slower rate of rise of stage at DeLand, as compared with Mayport, is possibly explained by 

the coincident decreasing trend in DeLand discharge of 0.25 m
3
s

-1
yr

-1
, as shown in Figure 1.7.  

The result of decreasing trend of DeLand discharge should be viewed with caution, and not 

interpreted to imply an anthropogenic causal factor.  Kroening (2004) found no significant 

temporal trend of discharge at this location, but did find significant increases of low flows within 

contributing upstream basins.  A double mass curve analysis comparing rainfall and discharge at 

this location showed no fundamental shift in the rainfall-discharge relationship (Rao, personal 

communication). 

Climate and rainfall variability, alterations to upstream watersheds, and consumptive use could 

possibly contribute to temporal trends in discharge at DeLand.  However, any trend analysis for 

discharge at this location should also consider the history of data collection methods.  As 

mentioned previously, as data collection methodology improved, it is likely that the accuracy of 

the data followed suit, so that early in the dataset, discharge could have been overestimated, 

especially for low flows. 
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Figure 1.7.  Temporal trends in stage (H) and discharge (Q) at DeLand, and stage (M) at 

Mayport, 1956 – 2007. 
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CONCLUSIONS AND DISCUSSION 

The primary purpose of the four tasks in Part 1 was to improve understanding of the relation 

between discharge and stage and the influence that backwater conditions from ocean stage have 

on the MSJR.  A key result of this study is the lack of correlation between stage and discharge at 

Deland below the average stage (0.08 m, NAVD88) and average discharge (84.46 m
3
s

-1
).  Below 

the average discharge, the MSJR stages are dominated by low-frequency ocean sea level 

variability over 200 km upstream of the river mouth. 

These results have direct implications for evaluating the effects of water withdrawals on the 

system since it means that under low flow conditions, when the fraction of flow withdrawals is 

greatest, a reduction in discharge has the least effect on stage.  During low flow periods, then, 

large fractional reductions in discharge could be made with relatively small effect on stage.  In 

this context, an evaluation of the effects of reduction of discharge at DeLand, whether by direct 

surface water withdrawals for water supply or by diversion of waste streams for reuse, should 

focus on increased residence time and increased frequency of reverse flow events.   

Reverse flow events have the greatest likelihood of occurrence in the dry season (April – July) 

even for the same discharge.  A physical explanation for this phenomena is presented in Figure 

1.8 where monthly-averaged Mayport stage (M), Deland discharge (Q), and Deland stage (H) are 

compared with the sum of reverse flow days for each month for the period 1956 – 2007.   

Note that Mayport stage, which is independent of river discharge, has a maximum during the 

tropical season.  However, this season also coincides with maximum discharge and the slope of 

the river is relatively large, thus inhibiting reverse flow events.  A secondary maximum of 

Mayport stage, however, occurs in the dry season when river discharge is at a minimum.  As a 

result, the river slope is also at a minimum at this time.  It is not surprising, then, that May 

produces the highest number of reverse flow days, since it also produced the lowest Deland 

discharge and the difference between Mayport and DeLand stage is at its minimum. 

Although seasonal variation of ocean water level and river discharge create conditions conducive 

to reverse flow events, ocean water level variability from synoptic events at 3 – 7 day periods 

causes actual flow reversals (Sucsy and Morris, 2001).  For example, during the month of May in 

Figure 1.8, a synoptic event had to overcome the low head difference in order to produce a 

reverse flow event.  Synoptic events include the passage of tropical cyclones and frontal 

boundaries, for example.  Both the peak and duration of ocean water level, not just daily 

averages, should be taken into account when considering the influence a given synoptic event 

might have on the SJR.  Given the low gradient of the river, local winds could also contribute to 

flow reversals.  Whether local wind forcing can cause flow reversals at DeLand is beyond the 

scope of this work. 

 



Phase I AWS Engineering – J Stewart DRAFT 29 October 2008 

  Page 
15 

 
  

 

Figure 1.8.  Monthly averaged Mayport stage, DeLand stage, and DeLand discharge, and 

the total number of reverse flow days during the POR (by month), 1956 – 2007. 

 

Stage in the MSJR is likely increasing due to sea level rise at a rate of 1 – 3 mm yr
-1

.  Given that 

the average slope from DeLand to Mayport was only 1.21mm/km for the POR 1956-2007, sea 

level rise should be considered in any long-term strategies for managing the Lower and Middle 

portions of the St Johns River. 
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Chapter 2:  Hydrodynamic Modeling of the Lower St. Johns River & Lake George 
Dr. Peter Sucsy1 and David Christian2 

1Supervising Engineer Scientist, St. Johns River Water Management District, Palatka, FL. 

2Professional Engineer, St. Johns River Water Management District, Palatka, FL. 

 

MODEL BACKGROUND 

The Lower St. Johns River Hydrodynamic Model (LSJRHM) is an application of the Environmental Fluid 

Dynamics Code (EFDC) model developed by Hamrick (1992).  LSJRHM was originally developed for use in 

setting Pollution Load Reduction Goals (PLRGs) and Total Maximum Daily Loads (TMDLs) (Sucsy and 

Morris, 2002).  Since its initial application, LSJRHM has also been used for tracking wastewater 

treatment plant discharges (ECT, 2000), operational real-time forecasting (Zhang et al., 2006), water 

resources values assessment for a Minimum Flow & Level at DeLand (ECT, 2006), and assessment of 

salinity response to channel dredging (USN, 2008).  For Phase I of the Cumulative Impact Study, an 

extended version of LSJRHM was used primarily to simulate salinity changes in response to water 

withdrawals and other factors. 

EFDC is a mechanistic, three-dimensional model capable of simulating water level, velocity, and salinity 

in complex estuaries.  The model solves the three-dimensional, vertically hydrostatic equations of 

motion for a variable density fluid on a curvilinear, orthogonal structured horizontal grid and a sigma 

(stretched) vertical grid.  The level 2.5 turbulence closure scheme of Mellor and Yamada (1982) as 

modified by Galperin et al. (1988) dynamically couples mean flows to temporally and spatially varying 

vertical eddy viscosities. 

The LSJRHM, originally developed for TMDL calculations as described above, was calibrated for the 

period 1995 – 1999 and covered the Lower St. Johns River (LSJR) from the coastal shelf near Mayport to 

Buffalo Bluff (Figure 2.1).  For this study, LSJRHM was extended temporally to the period 1995 – 2005 

and spatially to include the additional upstream areas of Lake George and Crescent Lake (Figure 2.2).  

The extended version of the LSJRHM will hereafter be designated the Lower St. Johns River Extended 

Hydrodynamic Model (LSJREHM).   

The LSJREHM contains 3013 horizontal grid cells and six vertical layers for a total of 18,078 

computational cells.  Model boundary conditions include (a) ocean water level, (b) tributary and spring 

discharge, (c) discharge from wastewater streams, (d) rainfall and evaporation, (e) wind, and (f) 

specified salinity at inflow locations and at the open ocean boundary. 

In this report model depth, H, is defined as the vertical distance measured down from a fixed vertical 

datum and is temporally invariant.  The model calculates the deviation of the free water surface from 

the zero of the vertical datum, , through time.  Time varying total water depth at any point in the 

model domain is then defined as the sum H + .   
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In estuaries and other coastal areas, depths are commonly referenced to mean lower low water (MLLW) 

and are thus time-invariant.  This common useage of depth (depth on a nautical chart, for example) is 

thus analogous to the model definition of depth.  MLLW is a relative or local vertical datum dependent 

on local mean sea level (MSL) and tidal range.  Because MLLW does not define a level surface, however, 

it is inappropriate for a model datum.   Model depths (H) are instead referenced to the North American 

Vertical Datum 1988 (NAVD88) (Zilkowski et al., 1992).  By the definition of depth (H), depth is 

equivalent in magnitude to bottom elevation relative to NAVD88 but with a change of sign.  To avoid 

confusion, time-invariant, model depths in this report are specified as relative to NAVD88.   

 

 

Figure 2.1.  Model grid used for the LSJRHM, the original hydrodynamic model application used to 

calculate TMDLs for the LSJR. 
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Figure 2.2.  Model grid used for the LSJREHM that includes extensions of the model grid upstream to 

include Lake George and Crescent Lake. 
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BOUNDARY CONDITIONS 

The model uses hourly water level for the open ocean boundary condition.  The time-series for this 

boundary is derived from observed hourly ocean water level measured by the National Oceanic and 

Atmospheric Administration (NOAA) at Bar Pilot Dock (station 8720214) (Figure 2.3).  Short-period 

harmonic tidal constituents were adjusted in amplitude and phase to account for differences between 

the measured location at Bar Pilot Dock and the model open boundary on the shelf.  The method of 

adjusting short period tidal constituents was also used and is described in Sucsy and Morris (2002).  

Amplitudes were increased and phases decreased by trial-and-error until an acceptable match was 

made for the harmonic tide at Bar Pilot Dock near the river mouth.  Low frequency, subtidal water levels 

(defined here as periods greater than 30 hrs) were not adjusted and superimposed directly onto the 

adjusted short-period tidal signal.  The open ocean boundary is thus forced with both short-period tide 

and low frequency meteorological water level variability.  The resultant open boundary condition thus 

accounts for both astronomic tide and meteorologically derived water level variability caused by wind, 

atmospheric pressure, seasonal water temperature, and large-scale shifts in oceanic circulation. 
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Figure 2.3.  Location map for Lower St. Johns River and Lake George study area. 

 

Tributary discharges entering the model include 79 sub-basins entering the LSJR, six sub-basins entering 

Crescent Lake , 13 sub-basins entering Lake George, nine springs, the Ocklawaha River, an upstream 

flow boundary at Astor, and 36 wastewater streams.  In this report, flows to Lake George include both 

discharges entering the main lake and portions of the river downstream to near the confluence of the 

Ocklawaha River, including Croaker Hole Spring.  Tributary flows entering the LSJR and Crescent Lake 
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were provided by hydrologic simulations of daily discharges using the Hydrologic Simulation Program 

FORTRAN (HSPF) (Bicknell et al., 1997).  Daily discharges to Lake George were estimated using empirical 

relationships with nearby gauged locations (locations 4 and 5 on Figure 2.4).  Spring discharges to Lake 

George varied monthly and were estimated by regression with nearby observed spring discharges.  

Stewart et al. (2007) summarizes the methodology for creating the Lake George tributary and spring 

discharge boundary conditions.  Average discharges from 36 wastewater streams were obtained from 

the Florida Department of Environmental Protection. 

Table 2.1 summarizes gauged data available through USGS including the period of record for each 

gauge.  Locations of these gauges are shown in Figure 2.4. 
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Table 2.1.  Tributary discharge gauges operated by USGS including periods of record. 

Map Index Station ID Station Name Period of Record 

1 02236125 St Johns River at Astor 2/1994-Present 

2 02243960 Rodman Dam 10/1968-Present 

3 02244032 Buckman Lock 11/1969-9/2004 

4 02244320 Middle Haw Creek nr Korona 7/1975-9/2002 

5 02244420 Little Haw Creek nr Seville 1/1951-9/2002 

6 02244440 Dunns Creek nr Satsuma 1/1978-12/2008 

7 02244473 Rice Creek nr Springside 10/1973-7/2004 

8 02245050 Etonia Creek at Bardin 10/1973-7/2004 

9 02245140 Simms Creek nr Bardin 10/1973-7/2004 

10 02245255 Deep Creek nr Hastings 6/1975-10/2007 

11 02245260 Deep Creek at Spuds 5/1992-Present 

12 02245315 Sixmile Creek at Bakersville 10/2002-8/2006 

13 02245328 Sixmile Creek nr Picolata 10/1992-9/2001 

14 02245500 S. Fork Black Creek nr Penney Farms 10/1939-Present 

15 02246000 N. Fork Black Creek nr Middleburg 10/1931-Present 

16 02246025 Black Creek nr Doctors Inlet 10/2000-Present 

17 02246150 Big Davis Creek at Bayard 8/1966-9/2007 

18 02246300 Ortega River at Jacksonville 1/1965-4/2003 

19 02246318 Ortega River at Kirwan Road 3/2002-Present 

20 02246359 Cedar River at Marietta 1/1990-1/1995 

21 02246459 Cedar River at San Juan 11/1993-Present 

22 02246515 Pottsburg Creek nr South Jacksonville 1/1990-1/1995 

23 02246828 Pablo Creek nr Jacksonville 3/1974-9/2002 

24 02246832 Cedar Swamp Creek nr Jacksonville 3/1974-9/1992 
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Figure 2.4.  Locations of discharge gauges operated by USGS. 
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Table 2.2a summarizes the average discharges by major basin supplied to the model for the period 1995 

– 2005.  The total average discharge entering the model domain was 232.7 m3 s-1 over this period.  The 

largest fraction of the inflow is the contribution from the Middle St. Johns River (MSJR) through Astor.  

The MSJR contributed 42% of the average flow to the model.  The Ocklawaha River, the largest tributary 

to the SJR, contributed an additional 15% of the average flow.  These two principle inflows are gauged, 

along with five major tributaries to the LSJR and total discharge exiting Crescent Lake.  A summary of all 

gauged locations is provided in Table 2.1 and Figure 2.4, above.  In addition discharge from four major 

springs in the Lake George Basin have been reliably measured (Stewart et al., 2007) and flows from 

wastewater stream point sources are regularly measured.  As a result, approximately 78.5% of the 

average flow entering the model is gauged. 

 

Table 2.2a.  Summary of average discharge (1995 – 2005) to LSJREHM by major basin.   

Major Basin Q (m3 s-1) % Gauged 
by Flow 
Volume 

% of Total Q 

MSJR (Astor) 96.7 100 42 

Lake George 17.0 51 7 

Ocklawaha River 34.9 100 15 

Crescent Lake 14.7 100 6 

LSJR 69.4 40 30 

Total 232.7 78.5 100 

 

 

Local flows entering Lake George and the LSJR are further sub-divided in Tables 2.2b and 2.2c below.  

Lake George has a significant contribution of flow from artesian springs, with four named springs 

providing 52% of the local flow to the lake (Table 2.2b). 

 

Table 2.2b.  Summary of Local Inflows to Lake George, 1995 – 2005. 

Inflow Q (m3 s-1) % of Total Q 

Silver Glen Spring 3.0 18 

Croaker Hole 2.4 14 

Salt Spring 2.3 14 

Juniper Spring 1.0 6 

minor springs 0.4 2 

minor tributaries 7.9 46 

Total 17.0 100 
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46% of the local flow to the LSJR is contributed by the six largest tributaries (Table 2.2c), with Black 

Creek contributing 22% of the total local flow.  Waste streams from large wastewater treatment 

facilities contributed about 9% of the total local discharge.  The largest nine wastewater treatment 

facilities contribute 77% of the total waste stream (Table 2.2d). 

 

Table 2.2c.  Summary of Local Inflows to the LSJR, 1995 – 2005. 

Tributary Q (m3 s-1) % of Total Q 

Black Creek 15.4 22 

Rice Creek 5.5 8 

Six Mile Creek 3.9 6 

Ortega River 2.9 4 

Trout River 2.2 3 

Deep Creek 2.0 3 

minor tributaries 31.5 45 

waste streams 6.0 9 

Total 69.4 100 

 

The spatial pattern of inflows described above are represented  visually in Figure 2.5.  Figure 2.5 

represents all surface water discharges entering the LSJR and Lake George as a dendritic line network 

with line widths scaled to the magnitude of the average discharge. 
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Figure 2.5.  Schematic of surface water discharges to Lake George and the LSJR.  The dark blue lines 

represent the SJR drainage network with line widths scaled to average annual discharge.  The center 

trunk of the flow network shows the increase in cumulative discharge from Astor to the mouth. 
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The large upstream contribution from the MSJR enters the model across the south model boundary into 

Lake George near Astor.  Major springs occur on the west shore of Lake George.  Although the mean 

discharge of these springs is relatively small compared with the MSJR inflow, they provide a reliable base 

flow, have a greater relative impact during drought conditions, and are a significant source of chloride to 

the system.  The transition between Lake George and the LSJR proper is dominated by significant inflows 

from the Ocklawaha River and Crescent Lake and Rice Creek watersheds.  The Ocklawaha River is a 

spring-dominated system, containing Silver Spring, and thus generally provides a reliable base flow to 

the LSJR.  There are relatively few additional sources of inflow downstream of Rice Creek until the major 

watershed of Black Creek enters.  The downstream watersheds of Ortega River and Trout River are 

relatively small, but are highly developed urban watersheds with characteristically high storm flows.  

Waste stream discharges are primarily located in the downstream, urban portions of the basin with the 

exception of the Georgia Pacific pulp mill on Rice Creek. 

 

Table 2.2d.  Summary of Waste Stream Discharge to the LSJR, 1995 – 2005. 

Facility1 Q (m3 s-1) % of Total Q 

Georgia Pacific 1.57 26.2 

Buckman WWTP 1.40 23.3 

Arlington East WWTP 0.45 7.5 

Stone Container 0.33 5.5 

Southwest Dist. WWTP 0.27 4.5 

Mandarin WWTP 0.21 3.5 

Jefferson Smurfit 0.21 3.5 

Jax Dist. II WWTP 0.18 3.0 

Other Faciliities 1.38 23.0 

Total 6.00 100 
1
Georgia Pacific, Stone Container, and Jefferson Smurfit are industrial paper facilities.  Other facilities listed are for domestic 

wastewater. 

 

Rainfall, evaporation, and wind are spatially-uniform over the model grid.  Daily rainfall totals were 

derived from doppler radar data.  Evaporation was estimated from daily solar radiation, wind, relative 

humidity, and air temperature using the energy budget method (Martin and McCutcheon, 1999) as 

summarized in Stewart et al. (2007).  Solar radiation was obtained from a network of gauges operated 

by USGS.  Hourly winds were obtained from NOAA sites located at airports and the Florida Automated 

Weather Network (FAWN).   The data were combined to create a median wind field over the model 

area.  NOAA wind sites used were Daytona Beach International Airport, Orlando International Airport, 

Gainesville Regional Airport, and Jacksonville International Airport.  FAWN wind sites used were Apopka, 

Hastings, and Umatilla. 
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Wind over the region is fairly evenly distributed with respect to both direction and speed (Table 2.3), 

although a slightly greater proportion of winds are westerly while median wind speed is slightly higher 

for easterlies. 

Average annual rainfall over the study area for the period 1995 – 2005 was 121 cm.  As the model area, 

excluding the ocean shelf, is 703.3 km2, the average inflow due to direct rainfall is 27 m3 s-1.  However, 

average annual evaporation for the same period was 146 cm making an average annual deficit of -5.6 m3 

s-1 for net precipitation.  Over the eleven-year period for the model simulation, annual rainfall varied 

from 83 – 157 cm.  Low rainfall totals, representing dry years, occurred in 1999 (93 cm), 2000 (83 cm), 

and 2002 (108 cm).  High rainfall totals, representing wet years, occurred in 2003 (146 cm), 2004 (134 

cm), and 2005 (157 cm). 

 

Table 2.3.  Summary of distribution of wind direction with median wind speed for four wind 

quadrants. 

Quadrant1 % Time Median Wind 
Speed (m s-1) 

95-th 
Percentile of 
Wind Speed 

(m s-1) 

North 21.6 2.31 5.14 

East 24.9 2.83 6.69 

South 22.0 2.57 5.40 

West 31.4 2.57 5.81 
1
Quadrant directions are as follows: North, 315° - 45°; East 45° - 135°; South 135° - 225°; West 225° - 315°. 

 

Ocean salinity was constant at 35-36 Practical Salinity Scale, 1978 (PSS78;  Lewis, 1980) and varied 

linearly from surface to bottom.  (Since the Practical Salinity Scale is unitless, reference to salinity in this 

section will hereafter be made without reference to units.)  Time-series of salinity associated with 

discharges that have appreciable levels of salt were created from observed data.  These include 

discharge locations in the freshwater section of the SJR where chloride levels are strongly influenced by 

groundwater sources, especially during periods of low flow when groundwater sources become 

dominant over surface runoff (Morris, 1995).  Salinity associated with terrestrial freshwater discharges 

was set constant at 0.04.  Table 2.4 summarizes salinity boundary conditions. 
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Table 2.4.  Summary of specified salinity boundary conditions within LSJREHM 

Location Mean Salinity 
(PSS78) 

Salinity Range 
(PSS78) 

Ocean boundary 35.5 35 – 36 

Astor 0.43 0.20 – 0.76 

Deep Creek 0.77 0.16 – 1.82 

Ocklawaha River 0.24 0.10 – 0.50 

Rice Creek 0.45 0.13 – 0.79 

Crescent Lake Tribs 0.27 0.08 – 0.85 

Juniper Spring 0.81 constant 

Silver Glen Spring 0.95 constant 

Salt Spring 2.85 constant 

Croaker Hole 1.08 constant 

Other sources 0.04 constant 

PSS78 refers to the unitless practical salinity scale of 1978 as defined by Lewis (1978). 

 

 CALIBRATION 

Since the LSJREHM is a modification of a previously calibrated hydrodynamic model (Sucsy and Morris, 

2001 and 2002), calibration required only minor adjustments to cross-sectional areas of the newly 

added 1D channels that connect the original model grid (Figure 2.1) to Lake George and Crescent Lake 

(Figure 2.2).  The following sections on calibration describe comparisons of observed and simulated data 

for water level, discharge, and salinity throughout the model domain and at various time scales. 

LSJREHM is identical to the original model application for areas downstream of Lake George and 

Crescent Lake.  LSJREHM extended the model grid upstream to include Lake George and Crescent Lake.  

This change required that the upstream open discharge boundary be moved from a location 

downstream of the Ocklawaha River (Buffalo Bluff) to Astor upstream of Lake George.  The primary 

concern with calibration, then, was assessing volume fluxes between the LSJR and the large upstream 

lakes.  These volume fluxes were previously specified but are now simulated.  A final difference between 

the two models is an extension of the simulation period.  The original simulation period of 1995 – 1999 

was extended through 2005 with the goal of providing greater overlap with key biological data. 

Because we began with an established model and made relatively minor alterations, we feel the 

calibration results presented here were adequate for the intended use of the model as a screening-level 

tool for the Phase I study.  In Phase II, we will further refine the model and incorporate additional 

verification, skill tests, sensitivity tests, and uncertainty analysis. 
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Water Level 

Locations of observed water level within the model domain are show in Table 2.5.  Ten modern stations 

have periods of record coincident with the model period of 1995 – 2005, and these are bold in Table 2.5.  

The remaining sites are historic tide stations where harmonic tide data are available for comparison with 

simulated tide.  Figures 2.6a-c are maps showing the locations of these stations. 
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Table 2.5.  Tidal water level stations in St. Johns River listed in north-to-south order. 

Station ID Agency Name POR Lat Long 

0220 NOAA Mayport 1928-1995 30 23.6 81 25.9 

0218 FDEP Bar Pilot Dock 1995-Present 30 23.8 81 25.8 

0232 NOAA Pablo Creek Entrance 1977-1978 30 22.6 81 26.9 

0221 NOAA Fulton 1977-1978 30 23.4 81 30.4 

0198 NOAA Clapboard Creek 1977-1978 30 24.4 81 30.6 

0203 NOAA Blount Island 1977-1978 30 24.8 81 32.7 

0219 FDEP Dames Point 1995-2007 30 23.2 81 33.5 

0215 NOAA Navy Fuel Depot 1977-1978 30 24.0 81 37.6 

0217 NOAA Moncrief Creek 1977-1978 30 23.5 81 39.7 

0225 NOAA Phoenix Park 1977-1978 30 23.0 81 38.2 

0242 FDEP Long Branch 1996-Present 30 21.4 81 37.2 

0274 NOAA Little Pottsburg Creek 1978-1979 30 18.6 81 36.6 

0226 FDEP Main Street Bridge 1995-Present 30 19.2 81 39.5 

0268 NOAA Acosta Bridge 1978-1979 30 19.5 81 39.9 

0296 NOAA Ortega River Entrance 1978-1979 30 16.7 81 42.3 

0333 NOAA Piney Point 1978-1979 30 13.7 81 39.8 

0357 FDEP Buckman Bridge 1995-Present 30 11.5 81 41.4 

0374 NOAA Orange Park 1978 30 10.1 81 41.7 

0406 NOAA Doctors Lake 1978 30 0.2 81 45.5 

0409 NOAA Julington Creek 1978 30 8.1 81 37.8 

0496 NOAA Green Cove Springs 1978-1979 29 59.4 81 39.8 

0503 FDEP Shands Bridge 1995-Present 29 59.0 81 38.0 



Phase I AWS Engineering DRAFT 22 October 2008 

  Page 
17 

 
  

0596 NOAA East Tocoi 1978-1979 29 51.5 81 33.2 

0625 FDEP Racy Point 1995-Present 29 48.0 81 33.0 

0653 NOAA Palmetto Bluff 1978-1979 29 45.8 81 33.7 

0774 FDEP Palatka 1995-Present 29 38.9 81 37.6 

0767 FDEP Buffalo Bluff 1995-Present 29 35.6 81 40.9 

0832 FDEP Welaka 1996-Present 29 28.6 81 40.5 

0877 NOAA Georgetown 1973-1978 29 23.1 81 38.2 

02236160 USGS Silver Glen 2003-Present 29 14.7 81 38.6 

0782 NOAA Sutherland Still 1993-1994 29 34.3 81 36.4 

0805 NOAA Moccasin Landing 1993-1994 29 32.3 81 33.4 
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Figure 2.6a Map showing locations of observed tide stations for the northern end of Lower St. 

Johns River. 
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Figure 2.6b.  Map showing locations of observed tide stations for the southern end of Lower St. 

Johns River. 
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Figure 2.6c.  Map showing locations of observed tide stations for Lake George and Crescent Lake. 
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Simulated and observed hourly water level for a one-month period in September 1997 are plotted in 

Figures 2.7a and 2.7b for Main Street Bridge and Buffalo Bluff, respectively.  The observed hourly water 

level is dominated by the semi-diurnal tide, although lower frequency variability is also evident.  The 

simulated results provide a good visual match with observed water level at both locations.   

Because of the dominance of the semi-diurnal tide in the St. Johns River, comparison of observed and 

simulated M2 tidal amplitude and phase are shown in Table 2.6 and plotted in Figure 2.8, below.   

Tidal water level can be separated into many sinusoidal ‘waves’ of different periods and each having a 

unique amplitude and phase.  The periods are fixed by the relative motions of the earth, moon, and sun 

system.  M2 refers to the principal lunar component of the astronomical tide with a period of 12.42 

hours.  Morris (1995) provides a complete description of tidal harmonic definitions and description of 

tidal harmonic data for the St. Johns River.  M2 amplitude errors are generally less than 15% and M2 

phase errors are generally less than 20 degrees. 

 

  



Phase I AWS Engineering DRAFT 22 October 2008 

  Page 
22 

 
  

Table 2.6.  Comparison of Observed and Simulated M2 Tidal Amplitude and Phase at all tidal stations.  

Highlighted stations have modern period of records. 

 Amplitude (cm) Phase (Degrees) 

Station Obs. Sim. % Error Obs. Sim. Difference 

Mayport 67.0 64.2 -4.2 241.3 236.8 -4.5 

Bar Pilot Dock 66.8 64.6 -3.3 240.8 236.3 -4.5 

Pablo Creek Ent. 57.4 58.0 1.0 254.2 250.2 -4.0 

Fulton 56.5 56.1 -0.7 253.5 247.3 -6.2 

Clapboard Ck 54.6 55.6 1.8 261.1 249.6 -11.5 

Blount I. 53.3 53.6 0.6 261.2 250.9 -10.3 

Dames Pt 53.7 49.7 -7.4 264.0 252.8 -11.2 

Navy Fuel Depot 40.5 39.6 -2.2 278.4 262.2 -16.2 

Moncrief Ck 39.8 39.0 -2.0 287.8 265.8 -22.0 

Phoenix Park 39.8 38.2 -4.0 275.6 263.9 -11.7 

Long Branch 37.4 36.1 -3.5 278.1 266.4 -11.7 

Little Pottsburg Ck 33.3 31.1 -6.6 285.6 271.2 -14.4 

Main Street Bridge 28.7 24.9 -13.2 290.0 277.8 -12.2 

Acosta Bridge 24.8 22.7 -8.5 292.4 279.0 -13.4 

Ortega River Ent. 17.4 20.0 14.9 304.7 290.6 -14.1 

Piney Pt 13.3 14.7 10.5 319.5 305.1 -14.4 

Buckman Bridge 12.7 13.2 3.9 324.7 319.0 -5.7 

Orange Park 11.8 13.0 10.2 341.3 323.2 -18.1 

Doctors Lake 12.1 13.4 10.7 334.0 334.6 0.6 

Julington Ck 11.0 11.8 7.3 351.2 340.1 -11.1 

Green Cove Springs 11.2 12.7 13.4 20.2 10.4 -9.8 

Shands Bridge 11.7 12.9 10.3 25.1 16.6 -8.5 

East Tocoi 13.5 16.5 22.2 58.4 48.2 -10.2 

Racy Pt 15.7 17.5 11.5 65.6 53.7 -11.9 

Palmetto Bluff 15.8 18.2 15.2 70.3 57.3 -13.0 

Palatka 18.5 19.1 3.2 83.0 71.1 -11.9 

Buffalo Bluff 15.6 15.2 -2.6 95.6 82.4 -13.2 

Welaka 6.3 5.4 -14.3 109.7 92.3 -17.4 

Georgetown 0.9 1.1 22.2 231.8 207.0 -24.8 

Silver Glen 1.0 1.6 60.0 232.2 213.8 -18.4 

Sutherland Still 13.9 12.1 -12.9 94.5 81.6 -12.9 

Moccasin Landing 0.9 1.0 11.1 188.7 188.7 -23.4 
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Figure 2.7a.  Simulated and observed hourly water level at Main Street Bridge, September 1997. 

 

 

Figure 2.7b.  Simulated and observed hourly water level at Buffalo Bluff, September 1997. 
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Figure 2.8.  Simulated and observed M2 amplitude and phase by river kilometer. 

 

The ratio of diurnal to semi-diurnal amplitude, or form number, is also simulated well by the model.  

Form number is defined as the ratio (K1+O1)/(M2+S2).  K1 and O1 are the two largest diurnal tidal 

constituents in the St. Johns River with periods of 23.9 and 25.8 hours, respectively.  M2 is as defined 

previously, and S2 is the principal solar semidiurnal tidal constituent with a period of 12 hours.  A form 

number less than 0.25 is characteristic of a semi-diurnal tide, while form numbers greater than 0.25 and 

less than 1.5 are considered mixed semi-diurnal tide (Morris, 1995).  Simulated and observed form 

numbers are compared in Table 2.7, below.  The model successfully captures the increase in form 

number from Main Street Bridge to Shands Bridge, the subsequent decrease to Welaka, and increase 

again in Lake George as represented by Georgetown and Silver Glen Springs. 
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Table 2.7.  Observed and Simulated Form Number, (K1+O1)/(M2+S2) 

Station O S 

Mayport 0.18 0.17 

Bar Pilot Dock 0.19 0.17 

Pablo Creek Ent. 0.23 0.18 

Fulton 0.15 0.17 

Clapboard Ck 0.22 0.17 

Blount I. 0.22 0.17 

Dames Pt 0.18 0.16 

Navy Fuel Depot 0.22 0.16 

Moncrief Ck 0.16 0.16 

Phoenix Park 0.14 0.16 

Long Branch 0.17 0.16 

Little Pottsburg Ck 0.21 0.17 

Main Street Bridge 0.17 0.15 

Acosta Bridge 0.22 0.17 

Ortega River Ent. 0.20 0.19 

Piney Pt 0.20 0.21 

Buckman Bridge 0.24 0.24 

Orange Park 0.28 0.24 

Doctors Lake 0.28 0.24 

Julington Ck 0.31 0.27 

Green Cove Springs 0.30 0.26 

Shands Bridge 0.27 0.26 

East Tocoi 0.24 0.20 

Racy Pt 0.19 0.19 

Palmetto Bluff 0.25 0.18 

Palatka 0.16 0.16 

Buffalo Bluff 0.15 0.15 

Welaka 013 0.15 

Georgetown 0.39 0.46 

Silver Glen 0.33 0.31 

Sutherland Still 0.15 0.15 

Moccasin Landing 0.36 0.38 

 

Comparisons of paired values of hourly observed and simulated water level are shown in Table 2.8.  The 

number of paired values depends on the period of record and percentage of data return of the gauge.  

This comparison shows the goodness-of-fit between simulated and observed total water level, including 

sub-tidal variability.  The squared correlation coefficients exceed 0.85 and root-mean square errors 

(RMSE) are less than 10 cm. 
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Table 2.8.  Comparison of observed and simulated hourly water level. 

Station N R2 RMSE (cm) 

Bar Pilot Dock 93589 0.98 7.0 

Dames Point 74945 0.95 9.4 

Long Branch 47451 0.96 6.2 

Main St Br 81931 0.97 4.8 

Buckman Br 84511 0.97 3.5 

Shands Br 80964 0.97 3.6 

Racy Pt 42898 0.85 7.6 

Palatka 45550 0.93 5.4 

Buffalo Bluff 46040 0.93 5.4 

Welaka 43786 0.95 3.7 
N = Number paired observed and simulated values 

R
2
 = square of linear correlation coefficient 

RMSE = Root Mean Square Error 

 

Frequency distributions for both observed and simulated water level are shown in Table 2.9, for all 

paired values.  Water level between the 10th and 90th percentile (80% of all values) provides a 

characteristic range of typical water level experienced at each station.  Simulated results match low 

levels (10th percentile) within 3 cm and high levels (90th percentile) within 4 cm.  Median water levels 

are simulated to within one cm, with the model capturing the drop of 10 cm in median water level from 

Welaka to the mouth at Bar Pilot Dock. 
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Table 2.9.  Observed and Simulated Distribution of Water Level for all paired values 1995 – 2005 in 

meters, NGVD29. 

Station  Minimum 10th 
Percentile 

Median 90th 
Percentile 

Maximum 

Bar Pilot Dock O -1.30 -0.51 0.23 0.91 1.72 

S -1.15 -0.48 0.23 0.87 1.68 

Dames Pt O -0.96 -0.36 0.23 0.76 1.58 

S -0.84 -0.33 0.22 0.76 1.66 

Long Branch O -0.69 -0.17 0.26 0.68 1.61 

S -0.58 -0.16 0.26 0.68 1.64 

Main St Bridge O -0.61 -0.09 0.28 0.59 1.53 

S -0.48 -0.08 0.28 0.59 1.51 

Buckman Bridge O -0.53 0.07 0.29 0.57 1.44 

S -0.26 0.06 0.29 0.57 1.44 

Shands Bridge O -0.28 0.07 0.29 0.56 1.32 

S -0.26 0.06 0.29 0.57 1.34 

Racy Point O -0.28 0.05 0.29 0.55 1.14 

S -0.20 0.05 0.29 0.55 1.34 

Palatka O -0.32 0.01 0.27 0.55 1.07 

S -0.25 0.02 0.27 0.55 1.28 

Buffalo Bluff O -0.22 0.05 0.30 0.59 1.07 

S -0.17 0.06 0.30 0.58 1.24 

Welaka O -0.11 0.14 0.33 0.58 1.06 

S -0.05 0.15 0.33 0.57 1.16 

 

 

Discharge 

Discharge is the volumetric rate of flow passing a lateral cross-section of river.  In the LSJR, 

instantaneous discharge (at hourly time scales) is dominated by the semi-diurnal tide.  There are two 

types of observed discharge measurements available for the LSJR: synoptic and continuous.  The 

synoptic measurements were made at many locations over a tidal cycle and capture the range of tidal 

variability on a single day.  These measurements were made using a boat-towed Acoustic Doppler 

Current Profiler (ADCP).  Continuous measurements are available at three sites.  Continuous 

measurements are made by USGS using Acoustic Velocity Meters (AVM) at 15-minute intervals and have 

periods of record extending over many years.  The continuous 15-minute measurements can be 

averaged over longer time periods to produce, for example, daily-, monthly-, and annual-averaged 

values. 

Figures 2.9a-c show the locations of both the synoptic and continuous discharge sites for the LSJR.  Table 

2.10 provides the days of observation for each of the synoptic discharge measurements and Table 2.11 

provides the periods of record for the continuous discharge sites. 



Phase I AWS Engineering DRAFT 22 October 2008 

  Page 
28 

 
  

 

 

Figure 2.9a.  Map showing locations of observed discharge for the northern end of the Lower St. Johns 

River. 
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Figure 2.9b.  Map showing locations of observed discharge for the marine portion of the Lower St. Johns 

River. 
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Figure 2.9c.  Map showing locations of observed discharge for the southern portion of the Lower St. 

Johns River. 
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Table 2.10.  ADCP Tidal Flow Monitoring Sites 

 

 

 

 

Agency Name Collection 
Dates 

USGS Marker 22 8/23/1995 
8/6/1996 
9/22/1997 

USGS Marker 26 9/22/1997 

USGS Marker 35 8/23/1995 
9/22/1997 

USGS Marker 36 8/7/1996 

USGS Marker 38 8/7/1996 

USGS Blount I 9/17/1996 

USGS Dames Pt 8/23/1995 
8/7/1996 
9/17/1996 
9/22/1997 

USGS Quarantine I 9/22/1997 

USGS Navy Fuel Dock 9/23/1997 

USGS Corp Dock 9/17/1996 
9//23/1997 

USGS Commodore Pt 8/16/1995 
8/17/1995 

USGS Jaguar Stadium 9/23/1997 

USGS Main St Bridge 8/16/1995 
8/17/1995 
7/31/1996 
9/18/1996 

USGS I-95 Bridge 8/16/1995 
8/17/1995 

USGS Sadler Point 9/23/1997 

USGS Piney Pt 9/24/1997 

USGS Black Pt 9/24/1997 

USGS Holly Pt 9/24/1997 

USGS Near Doctors Inlet 9/18/1996 
9/24/1997 

USGS Hibernia Pt 9/24/1997 

USGS Popo Pt 9/25/1997 

USGS Shands Bridge 9/25/1997 

USGS Bayard Pt 9/18/1996 
9/25/1997 

USGS Racy Pt 9/25/1997 

USGS Federal Pt 9/25/1997 

USGS Whetstone Pt 9/26/1997 

USGS Warner Pt 9/26/1997 

USGS Forrester Pt 9/26/1997 

USGS Hogeye Pt 9/26/1997 

USGS Hart Pt 9/26/1997 

SJRWMD Fruitland 5/29/2002 

SJRWMD Georgetown 5/29/2002 
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Table 2.11.  Continuous Discharge Monitoring Sites 

 

 

 

Three representative plots of observed and simulated discharge are shown in Figures 2.10a-c, below, for 

a period in September 1997 when USGS made the most extensive synoptic survey available.  This survey 

of 22-26 September 1997 covered the LSJR from the mouth (Marker 22) to Palatka (Hart Point).  Figure 

2.10a shows simulated and observed discharge at Marker 22 near the river mouth.  Note that the model 

captures the stronger flood tide (negative values) as compared to ebb tide that occurred on that day. 

 

 

Figure 2.10a.  Comparison of observed and simulated tidal discharge at Marker 22 on 22 September 

1997. 

 

Figure 2.10b shows the observed and simulated discharge at Shands Bridge.  Shands Bridge is also the 

location in the LSJR where a minimum in the range of tidal water level occurs.  The model correctly 

simulates the strength of the ebb tide at Shands Bridge.  Also note the change in the y-axis scale for 

Figures 2.10a-c. 

Agency Name POR 

USGS Main Street Bridge 1996-Present 

USGS Buffalo Bluff 1992-Present 

USGS Dunns Creek 1990-Present 
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Figure 2.10b.  Comparison of observed and simulated tidal discharge at Shands Bridge on 25 September 

1997. 

 

Figure 2.10c shows observed and simulated discharge at Hogeye Point near Palatka.  Note that the range 

of discharge values at this location are reduced by an order-of-magnitude as compared to Shands Bridge 

and the model correctly captures this spatial trend.  The model slightly underpredicts the strength of 

flood tide, but correctly captures the timing. 

Figure 2.10c.  Comparison of observed and simulated tidal discharge at Hogeye Point on 26 September 

1997. 
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Figures 2.11a-b show observed and simulated discharge at two stations near the mouth of Lake George.  

These stations measured volume exchange between the LSJR and Lake George on 29 May 2002.  

Measurements were made at these locations for the specific goal of observing the relative portion of 

flow on either side of Drayton Island (Figure 2.9c).  Simultaneous measurements were made at 

Fruitland, a location that measures the total river discharge, and Georgetown, a location that measures 

the discharge through the eastern channel around Drayton Island.  The discharge through the western 

channel around Drayton Island can then be estimated by difference. 

Figures 2.11a and2.11b show that the peak ebb and flood at Georgetown are both about half the 

strength of Fruitland and the model correctly simulates this proportioning of the flows.  (Note the 

vertical, y-axes of the plots have different scales).  Although the model overestimated the strength of 

the flood flow at Fruitland, it did correctly capture the much stronger flood flow as compared with ebb 

flow that occurred on that day.  This means that the model correctly captured a net upstream flow of 

water from the LSJR to Lake George. 

 

Figure 2.11a.  Comparison of observed and simulated tidal discharge at Fruitland on 29 May 2002. 
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Figure 2.11b.  Comparison of observed and simulated tidal discharge at Georgetown on 29 May 2002. 

 

A comparison of observed and simulated discharge for all the synoptic stations is shown in Figure 2.12.  

Figure 2.12 is a plot of paired observed and simulated discharge for all stations and times shown in Table 

2.10.  The correlation between these two data sets is high (R2 = 0.97).  The line shown on the plot is a 1:1 

line of perfect fit, not the linear regression line. 

The USGS continuous discharge stations provide tidal harmonics of discharge at the three locations.  

Simulated and observed tidal harmonics for discharge are compared in Table 2.12, below, for six major 

tidal constituents. 
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Figure 2.12.  Point comparison of observed and simulated tidal discharge for all locations and times. 

 

 

Table 2.12.  Comparison of observed and simulated tidal harmonics for discharge at continuous USGS 

gauging sites. 

Station M2 N2 S2 O1 K1 M4 

 A P A P A P A P A P A P 

Main 
St 
Bridge 

Sim 4300 103 755 77 486 117 315.0 320 452 316 209 373 

Obs 4065 113 739 92 460 134 325.0 333 442 324 189 349 

Buffalo 
Bluff 

Sim 361 284 61 262 43 307 43 69 48 68 14 345 

Obs 270 284 51 272 33 320 30 73 37 64 17 351 

Dunns 
Creek 

Sim 141 275 21 250 14 298 10 65 14 65 12 338 

Obs 113 281 18 259 12 314 10 73 12 68 8 353 
Sim = Simulated value; Obs = Observed value. 

A = Amplitude in m
3
 s

-1
; P =  phase in degrees. 

 

The spatial trend of the strength of the tidal discharge in the LSJR is illustrated by the plot of peak ebb 

tidal discharge in Figure 2.13.  Simulated peak discharge by river kilometer along the main channel  was 

estimated from the daily maximum of discharge over a 1-year simulation period for the year 2003.  The 
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time-series of daily maximum discharge were sorted and ranked to determine the 90th, median, and 

10th percentile level by river kilometer.  These values provide a characteristic range of peak ebb flow 

throughout the LSJR and are plotted as the solid lines in Figure 2.13.  The plot shows that the highest 

tidal discharges occur at the mouth (as expected) but decrease near Marker 35.  Marker 35 is where the 

river channel bifurcates and flows both north and south around Blount Island.  Peak tidal discharge rises 

again upstream of Dames Pt where the Blount Island Channel rejoins the main SJR channel.  Peak flows 

then decrease gradually to Racy Point after which they diminish rapidly. 

Observed values of peak tidal discharge in Figure 2.13 were estimated from individual ADCP flow 

measurements (Table 2.10).  The observed data corroborates the simulated spatial pattern of tidal 

discharge described above.  The observed peak discharge at Marker 35 is beneath the typical range of 

simulated peak discharge.  The observed value could represent an unusually low ebb flow measurement 

below the 10th percentile of simulated flows.  This discrepancy could also indicate an incorrect 

proportioning of simulated flows around Blount Island, a possibility that requires additional scrutiny of 

tidal discharges in this reach. 

The observed peak discharge at Fruitland is also below the typical simulated range.  Discharge at this 

location is relatively more influenced by freshwater discharge and low-frequency water level variability 

than astronomic tide, so this anomaly could result from either of those effects.  However, the higher 

simulated discharge throughout this far upstream reach is consistent with the slight overprediction of 

tidal discharge amplitude at Buffalo Bluff shown in Table 2.12, and could be improved with additional 

attention to tidal dynamics within this reach. 

Figure 2.13.  Simulated and observed peak ebb tidal discharge by river kilometer. 
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Comparative statistics for observed and simulated daily-averaged discharge are shown in Table 2.13 for 

each continuous discharge station.  Daily-discharge in this reach of the SJR is particularly influenced by 

low-frequency ocean water level variability (Sucsy, 2001).  Simulated values at the two main stem 

stations at Main Street Bridge and Buffalo Bluff compare well with observed values.  Both have high 

correlation (R2 = 0.90) and low AVRE.  Simulated values at the Dunns Creek station have high AVRE.  This 

mismatch was somewhat surprising since we expected that daily discharges would respond similarly to 

Buffalo Bluff as both should respond to the same ocean water level forcing.  The discrepancy could 

indicate that Dunns Creek is more influenced by local hydrology than Buffalo Bluff and that the 

simulated hydrology at daily time scales should be further evaluated. 

  

Table 2.13.  Comparison of observed and simulated daily discharge, 1996-2005. 

Station N R2 m b AVAE AVRE RMSE 

Main St Br 3193 0.90 0.82 6.7 96.1 6.0 140.7 

Buffalo Bluff 3653 0.90 0.91 16.0 32.8 7.0 47.5 

Dunns Ck 3653 0.73 0.76 1.6 13.3 47.7 22.5 
N = Number of paired values of simulated and observed discharge. 

R
2
 = Square of linear correlation coefficient 

m = slope of linear regression line 

b = intercept of linear regression line 

AVAE = average absolute error (m
3
 s

-1
) 

AVRE = average relative error (%) 

RMSE = root-mean-square error (m
3
 s

-1
) 

 

Plots of observed and simulated daily-averaged discharge at the three sites are shown in Figures 2.14a-c, 

below.  Each figure compares observed and simulated daily-averaged discharge for a dry year (2000) and 

a wet year (2005).  The visual comparisons for all stations is quite good. 
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Figure 2.14a.  Simulated and observed daily-averaged discharge at Main Street Bridge for a dry year 

(2000, upper plot) and wet year (2005, lower plot). 
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Figure 2.14b.  Simulated and observed daily-averaged discharge at Buffalo Bluff for a dry year (2000, 

upper plot) and wet year (2005, lower plot). 
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Figure 2.14c.  Simulated and observed daily-averaged discharge at Dunns Creek for a dry year (2000, 

upper plot) and wet year (2005, lower plot). 

 

Table 2.14 shows comparative statistics for simulated and observed monthly-averaged discharge at the 

three continuous discharge stations.  Monthly-averaged discharge is dominated by hydrologic inflow, 

and the good matches of observed and simulated values at these main-stem sites indicate that the 

global model water budget is reasonably accurate.  Similar to daily-discharge, the AVRE at Dunns Creek 

is high which could indicate mismatches with local hydrology.  The correlation of observed and 

simulated monthly-averaged discharge at Dunns Creek is good (R2 = 0.81), however, and the slope and 

intercept of the regression line do not indicate any bias. 
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Table 2.14.  Comparison of observed and simulated monthly discharge, 1996-2005. 

Station N R2 m b AVAE AVRE RMSE 

Main St Br 100 0.92 0.92 -17.9 47.6 24.4 59.2 

Buffalo Bluff 132 0.94 0.96 5.3 17.7 13.0 26.6 

Dunns Ck 132 0.81 0.83 0.36 7.9 57.6 10.3 
N = Number of paired values of simulated and observed discharge. 

R
2
 = Square of linear correlation coefficient 

m = slope of linear regression line 

b = intercept of linear regression line 

AVAE = average absolute error (m
3
 s

-1
) 

AVRE = average relative error (%) 

RMSE = root-mean-square error (m
3
 s

-1
) 

 

Salinity 

Accurate prediction of salinity is a key skill for the LSJREHM because salt, as a conservative tracer, 

provides a means to assess the integration of all forces acting on the model that result in transport, 

circulation, and mixing processes.  In addition, salinity is a key parameter affecting the biology of 

estuaries.  The response of salinity to water withdrawals and other factors affecting salinity must be 

quantified for the present study. 

 

Observed salinity sites fall into two categories:  (a) a synoptic network with a dense spatial coverage and 

coarse frequency of observations (generally monthly intervals) and (b) a continuous network with 

relatively few spatial locations and dense frequency of observations (hourly intervals).  The synoptic 

salinity network is operated by the St. Johns River Water Management District (SJRWMD) for the 

purpose of long-term ambient water quality monitoring and is termed the Water Quality Monitoring 

Network (WQMN).  The continuous salinity network is operated by USGS with support from SJRWMD.  

The station locations are shown in Figures 2.15 a-c, below.  For this study, the WQMN stations were 

subset into two groups termed ‘Base Stations’ and ‘SAV & Supplemental Stations’.  The Base Stations are 

stations selected for model comparison for this study based on record length.  All the WQMN stations 

are shown in Figures 2.15a-c for the sake of completeness.  Salinity stations used for model comparison 

are listed in Table 2.15 along with the periods of record for each station. 
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Figure 2.15a.  Map showing locations of observed salinity for the northern portion of the Lower St. Johns 

River. 
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Figure 2.15b.  Map showing locations of observed salinity for the southern portion of the Lower St. 

Johns River. 
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Figure 2.15c.  Map showing locations of observed salinity for Lake George and Crescent Lake. 
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Table 2.15.  Salinity stations used for model comparison in downstream-upstream order. 

 

Name Agency Category POR 

Dames Point USGS Continuous 1995-2006 

JAXSJR17 SJRWMD Synoptic 1998-2007 

Acosta Bridge USGS Continuous 1995-2003 

JAXSJR40 SJRWMD Synoptic 1997-2007 

Buckman Bridge USGS Continuous 1995-2003 

MP72 SJRWMD Synoptic 1993-2007 

DTL SJRWMD Synoptic 1984-2007 

SJRHBP SJRWMD Synoptic 1991-2007 

Shands Bridge USGS Continuous 1995-2001 

SJSR16 SJRWMD Synoptic 1991-2007 

SJWSIL SJRWMD Synoptic 1997-2007 

SRP SJRWMD Synoptic 1986-2007 

SJM37 SJRWMD Synoptic 1993-2007 

FP42 SJRWMD Synoptic 1993-2007 

Dancy Point USGS Continuous 1998-2005 

BB22 SJRWMD Synoptic 1993-2007 

Buffalo Bluff USGS Continuous 1995-2002 

GF33 SJRWMD Synoptic 1978-2007 

LAG SJRWMD Synoptic 1989-2007 

 

Figure 2.16 is a plot of observed and simulated salinity at JAXSJR40 for the ten-year period of 1996 – 

2005.  This station is located in the farthest downstream reach of the broad, shallow extent of the SJR 

and is considered a mesohaline river segment.  (For the following discussion the plots compare mid-level 

simulated hourly salinity against all WQMN observed values regardless of level.  Comparison of salinity 

at vertical levels is presented in Table 2.18, below.) 

Simulated salinity in Figure 2.16 is highly variable, ranging from near zero to over 25.  Persistently higher 

salinity occurred during 1999, 2000, 2001, and 2002.  Even for wet years, such as 2005, the salinity is 

characterized by sharp, rapid spikes, typically ranging from 0 – 10.  Observed salinity visually corroborate 

the overall trend and character of the simulated salinity. 
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Figure 2.16.  Simulated and observed salinity at JAXSJR40 (Christopher Point), 1996 – 2005. 

 

This study is particularly concerned with the upstream extent of marine salinity because of possible 

detriment to submerged aquatic vegetation (SAV).  A salinity level of five has been preliminarily 

indentified as a threshold for stress to SAV (Moore and Dobberfuhl, 2008).  During the model period of 

1996 – 2005, the farthest upstream extent of salinity exceeding five was near Shands Bridge (Figure 

2.15b).  Observed and simulated salinity are plotted for this location in Figure 2.17.  Again, the observed 

salinity visually corroborates both the models prediction of periods of marine salt intrusion and periods 

of fresh conditions. 

Figure 2.17.   Simulated and observed salinity at Shands Bridge, 1996 – 2005. 

 

Comparative statistics for paired simulated and observed salinity values at all the WQMN Base Stations 

are shown in Table 2.17.  Correlations are high at all stations, with R2 ranging from 0.77 – 0.95.  The 
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slopes and intercepts of the regression lines indicate no systematic bias in the model.  AVRE is less than 

20% at all stations. 

 

Table 2.17.  Comparison of observed and simulated salinity at WQMN Base Stations, 1996-2005. 

Station N R2 m b AVAE AVRE RMSE 

JAXSJR17 702 0.91 0.96 0.79 1.87 17.9 2.50 

JAXSJR40 391 0.92 0.89 0.23 0.86 19.3 1.44 

MP72 293 0.93 0.96 0.04 0.32 14.9 0.64 

DTL 451 0.95 1.03 0.02 0.38 19.3 0.64 

SJRHBP 425 0.92 0.98 0.05 0.25 14.1 0.53 

SJSR16 241 0.95 1.11 -0.02 0.07 9.4 0.18 

SJWSIL 223 0.84 0.92 0.06 0.09 10.0 0.21 

SRP 250 0.79 0.95 0.05 0.05 10.5 0.09 

SJM37 189 0.77 0.87 0.08 0.05 9.6 0.07 

FP42 118 0.86 0.93 0.07 0.05 9.8 0.06 

BB22 289 0.87 0.97 0.04 0.04 9.6 0.05 

GF33 134 0.92 1.15 -0.07 0.04 18.6 0.05 

LAG 84 0.95 0.93 0.04 0.03 6.7 0.04 
N = Number of paired values of simulated and observed discharge. 

R
2
 = Square of linear correlation coefficient 

m = slope of linear regression line 

b = intercept of linear regression line 

AVAE = average absolute error 

AVRE = average relative error (%) 

RMSE = root-mean-square error 

 

Comparative statistics for paired simulated and observed hourly salinity at the Continuous Salinity 

Stations are shown in Table 2.18.  The model uses a stretched, “sigma” axis for the vertical dimension.  

This means that the vertical location of simulated salinity in each model cell is always at equal intervals 

relative to the total water column depth.  Since the total water column depth is constantly changing 

with time, so too the vertical locations of the simulated salinity are constantly changing with time.  The 

observed salinity, however, are located at fixed vertical levels.  In order to compare the observed and 

simulated salinity, the simulated salinity must be interpolated to the fixed vertical locations of the 

observed salinity for each time of observation.  This interpolation was done by calculating the absolute 

levels of the simulated salinity given the simulated water level as a reference.  The simulated salinity 

was then known at six fixed vertical levels for each location and time.  The simulated salinities were then 

linearly interpolated, using vertical level as the independent variable, to match the fixed locations of the 

gauges.   

Correlations remain high for hourly salinity values, particularly upstream of Acosta Bridge where R2 

ranges from 0.90 – 0.95 and AVAE are less than one.  AVAE is higher (2 -3) in the marine segment at 

Dames Point, but because salinity is generally high at this station AVRE is less than 14%.  Salinity at 
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vertical levels is matched equally well at all stations except Dames Point where surface salinities are 

matched better than bottom salinity.  The Dames Point station is located to the side of the navigational 

channel, however, and does not represent true bottom salinity at the full depth of the main channel. 

 

 

 

 

 

 

 

 
Table 2.18.  Comparison of observed and simulated hourly salinity at USGS continuous salinity 
stations, 1996-2005. 

Station N R2 m b AVAE  AVRE RMSE 

Dames Pt Top 42429 0.81 0.91 3.05 2.32 11.2 3.06 

Dames Pt Mid 40802 0.74 0.88 2.36 2.63 11.4 3.40 

Dames Pt 
Bottom 

38821 0.61 0.85 1.96 3.31 13.5 4.57 

Acosta Top 43819 0.94 1.04 -0.16 1.08 16.9 1.58 

Acosta Mid 47540 0.94 1.03 -0.12 1.08 17.3 1.55 

Acosta Bottom 47549 0.94 1.01 -0.20 1.12 17.2 1.58 

Buckman Top 43612 0.95 0.99 -0.05 0.45 16.0 0.74 

Buckman Mid 40438 0.95 0.94 -0.05 0.55 16.6 0.91 

Buckman 
Bottom 

38943 0.93 0.95 -0.07 0.73 17.7 1.25 

Shands Top 44067 0.95 0.99 0.04 0.13 13.1 0.26 

Shands Mid 43256 0.95 0.96 0.06 0.14 13.1 0.28 

Shands Bottom 39145 0.94 0.95 0.07 0.15 13.3 0.32 

Dancy Pt Top 58095 0.90 1.04 0.04 0.06 11.9 0.07 

Dancy Pt 
Bottom 

57462 0.90 1.04 0.03 0.06 11.6 0.07 

N = Number of paired values of simulated and observed discharge. 

R
2
 = Square of linear correlation coefficient 

m = slope of linear regression line 

b = intercept of linear regression line 

AVAE = average absolute error 

AVRE = average relative error (%) 

RMSE = root-mean-square error 

 

A comparison of the observed and simulated range of salinity throughout the model area is presented in 

Figure 2.18.  The solid lines in Figure 2.18 indicate the characteristic range of salinity by river kilometer 

predicted by the model, where the salinity distribution at each location is represented by the 90th 

percentile, median, and 10th percentile levels of salinity over the period 1996 – 2005.  These are 

compared with the same distribution statistics for all available observed data at each of the WQMN Base 
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Stations and USGS Continuous Stations.  The simulated values and USGS Continuous stations are for 

bottom salinity, while the WQMN Base stations use all available monthly values.  Note also the vertical 

scale is logarithmic so that the range of low salinity values in the upper reaches of the river can be seen. 

Figure 2.18 shows that salinity within the lower 20 km of the river generally ranges from 15 – 35.  The 

river reach between 20 and 80 km (roughly Jacksonville upstream to Shands Bridge) is an area of both 

wide salinity fluctuation and declining peak salinity values.  Above Shands Bridge the river is considered 

fresh, although salinity still varies between 0.2 – 0.8 because of high chloride groundwater sources. 

The observed data corroborates the spatial pattern of salinity predicted by the model. 

 

Figure 2.18.  Spatial variability of observed and simulated salinity range by river kilometer, Lower St. 

Johns River, Fl (1996 – 2005). 

 

Figure 2.19 shows the variability of both simulated and observed daily salinity range throughout the 

LSJR.  Daily salinity range is defined here as the difference between the highest and lowest salinity over 

a day.  The simulated daily salinity ranges are represented by the solid lines that envelope the 90th to 

10th percentile of the distribution throughout the river.  The distribution of observed daily salinity ranges 

are shown for five continuous monitoring locations where hourly salinity are available and daily range 

can be calculated. 
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Model results in Figure 2.19 show that daily salinity range is greatest within the narrow navigational 

channel between Dames Point and Acosta Bridge.  The typical daily range of salinity at Dames Point is 5 - 

15.  Daily salinity range declines gradually between Acosta and Buckman Bridge and then more rapidly 

between Buckman and Shands Bridge where daily salinity range greater than one occurs only during 

relatively infrequent periods of salinity intrusion.  In the freshwater segment of the river, upstream of 

Shands Bridge, daily salinity range reduces to less than 0.1. 

The observed data corroborate the spatial pattern of daily salinity range predicted by the model. 

 

Figure 2.19.  Spatial variability of observed and simulated daily salinity range by river kilometer, Lower 

St. Johns River, Fl (1996 – 2005). 

 

SALINITY-DISCHARGE RELATIONSHIPS 

Intuitively, salinity within an estuary should be inversely related to the discharge of freshwater into that 

estuary.  A decrease in discharge for water supply would be expected to increase salinity in portions of 

the estuary to some extent.  Since most of the organisms within an estuary have preferred salinity 

ranges and tolerances, the prediction of salinity alteration that results from water withdrawals is a 

necessary first step towards understanding possible effects on estuarine biota. 

Figure 2.20 shows the relationship between annual-averaged discharge at Main Street Bridge and 

annual-averaged salinity at Buckman Bridge.  Main Street Bridge is the farthest downstream flow gauge 
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on the SJR.  Buckman Bridge is located in a segment of the river with large salinity variation.  The 

negative correlation between discharge and salinity is visually evident in Figure 2.20. 

The response of biota to salinity must also consider shorter than annual time scales since the increasing 

intensity and duration of high salinity events could govern the biological response of the system to 

water withdrawals.  At monthly time scales the correlation between discharge and salinity becomes less 

evident (Figure 2.21).  

 Figure 2.21 shows the relationship between monthly-averaged discharge at Main Street Bridge and 

monthly-averaged salinity at Buckman Bridge.  The correlation is weak (R2=0.26).  The relationship 

indicates that a threshold may exist where freshwater conditions persist at discharge levels above about 

350 m3 s-1.  This level of discharge is high, being exceeded only about 10% of the time.  Below that 

threshold there is essentially no visual relationship between monthly-averaged discharge and monthly-

averaged salinity. 

Figure 2.20.  Comparison of annual-averaged discharge at Main Street Bridge with annual-averaged 

salinity at Buckman Bridge. 

 

The relationship between discharge and salinity at daily time scales is shown in Figure 2.22.  Figure 2.22 

shows no correlation (R2=0.04) between daily-averaged discharge and daily-averaged salinity. 

Because of the lack of correlation between discharge and salinity at biologically relevant time scales, the 

prediction of salinity must extend beyond simple empirical relationships between salinity and discharge 

and consider all the relevant dynamics affecting upstream transport and mixing of salt within the 
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estuary.  Such a predictive tool is provided by mechanistic numerical hydrodynamic models such as 

LSJREHM. 

 Figure 2.21.  Comparison of monthly-averaged discharge at Main Street Bridge with monthly-average 

salinity at Buckman Bridge. 
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 Figure 2.22.  Comparison of daily-averaged discharge at Main Street Bridge with daily-average salinity at 

Buckman Bridge. 
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WATER AGE 

An important abiotic factor that could be affected by water withdrawals is hydraulic residence time 

(HRT).  HRT is often estimated by the ratio of water body volume and discharge (HRT = V/Q).  This simple 

approximation is appropriate when (a) the volume is well-defined, such as for a lake, (b) the discharge 

and volume are relatively constant, and (c) the volume of interest is reasonably well-mixed.  These 

assumptions often require that the volume and discharge be averaged over seasonal or longer time 

scales.  For the SJR estuary these conditions are generally not met. 

 The calculation of water age is an alternative methodology for estimating time- and spatially-varying 

residence time using the available numerical model.  This methodology uses the advection-diffusion 

equations in the numerical model that are dynamically linked to simulated circulation and mixing to 

simulate the concentration of a virtual tracer.  The tracer concentration is specified as zero at all model 

boundaries, a boundary condition that equates to all new water entering the model at zero age.  Once 

inside the model, the tracer accrues concentration as a zero-order source term that is equivalent in 

magnitude to the passage of time.  The resultant tracer concentration within each model cell, then, 

equates to the average age of the water within each cell volume.   

The model can thus calculate time-varying water age at any three-dimensional location within the 

estuary for both existing conditions and for any change scenarios.  We anticipate that this variable will 

be used to assist the analysis of water quality alterations due to water withdrawals in subsequent 

phases of this study.  An example of simulated water age is shown in Figure 2.23 at a station near the 

center of Lake George.  The plot shows that water age at this location ranges from 25 days during wet 

periods to nearly 300 days during dry periods. 

 

Figure 2.23.  Vertically-averaged and daily-averaged water age at station LAG, Lake George, 1995 – 2005. 
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Chapter 3 : Salinity Scenarios 
David Christian1 and Dr. Peter Sucsy2 

1Professional Engineer, St. Johns River Water Management District, Palatka, FL. 

 2Supervising Engineer Scientist, St. Johns River Water Management District, Palatka, FL. 

Scenarios 
A range of scenarios was developed to investigate the relative importance of several factors that could 

alter salinity in the Lower St. Johns River (LSJR).  The following four factors were considered:   

 Upstream water withdrawals for consumptive use,  

 Channel deepening of Jacksonville Harbor and the SJR entrance,  

 Diversion of wastewater streams for re-use and nutrient reduction,  

 Sea level rise.   

One or more scenarios were developed to test the salinity response of each of these factors compared 

with a base case.  The Base Case scenario is the existing condition with 1995 bathymetry for the period 

1995 – 2005.  The Base Case scenario uses the initial and boundary conditions described previously in 

Chapter 2.   

For each scenario tested, boundary conditions were altered as described below.  Each scenario was run 

for the period 1995 – 2005.  The first year of simulation was used for spin-up of the model, leaving the 

ten-year period of 1996 – 2005 for comparison with the base case.  Salinity in each cell was output 

hourly for the entire ten-year run.  Post processing programs were developed to analyze the salinity 

distributions and changes between scenarios.  This analysis examines salinity alterations in the LSJR, 

between Astor and the river mouth, and does not consider effects on water level or nutrients.  

In this report, depth, H, is defined as the vertical distance measured down from a fixed vertical datum 

and is temporally invariant.  The model calculates the deviation of the free water surface from the zero 

of the vertical datum, , through time.  Time varying total water depth at any point in the model domain 

is then defined as the sum H + .   

In estuaries and other coastal areas, time-invariant depths are commonly referenced to mean lower low 

water (MLLW).  MLLW is a relative or local vertical datum dependent on local mean sea level (MSL) and 

tidal range.  Because MLLW does not define a level surface, it is inappropriate for a model datum and 

model depths (H) are instead referenced to the North American Vertical Datum 1988 (NAVD88) 

(Zilkowski et al., 1992).  By the definition of depth (H) used here, depth is equivalent in magnitude to 

bottom elevation relative to NAVD88 but with a change of sign.  To avoid confusion, time-invariant 

depths in this report are specified as relative to NAVD88.   
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Upstream Water Withdrawals 
The effect of upstream water withdrawals on salinity was tested with a single scenario.  Termed the Full 

Water Withdrawal scenario, this test examines the effects  on salinity in the LSJR due to the largest 

proposed water withdrawals from the MSJR  and Ocklawaha River.  The Full Water Withdrawal scenario 

removes a total of 262 MGD of flow from the Base Case scenario.  155 MGD is removed at the upstream 

Astor boundary based on the MFL for DeLand (Robison, 2004).  107 MGD is removed where the 

Ocklawaha River enters the grid near Welaka (Figure 3.1).  Salinity at each boundary was also increased 

to simulate the possible return of brine to the river during the water treatment process.  Salinity 

increase was linearly proportional to the decrease of discharge.  For example, if the decrease in flow 

represented a 0.5% decrease from the base case flow, the salinity at the boundary was increased by 

0.5% over the Base Case salinity.   
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Figure 3.1:  Astor and the Ocklawaha River boundary locations where decreases in flow were input into the model for the 
Full Water Withdrawal scenario.    
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Channel Deepening 
Tests of channel deepening considered four channel depth scenarios, labeled A – D.  Scenario A is 

identical to the Base Case scenario.  Scenarios B – D represent channel deepening projects that either 

have occurred since 1995 or have been proposed.  The horizontal model resolution represents the 

navigational channel sufficiently for the purposes of this screening level analysis.  Finer resolution, 

however, might be required for more detailed or specific analyses required for these projects. 

Depths used for Scenario A, the Base Case scenario, are plotted in Figure 3.2.  Model channel depths are 

minimally 38 ft NAVD88 in the main channel and 33 ft NAVD88 on the western side of Blount Island.  

Subsequent channel scenarios were developed by deepening all corresponding channel cells by an equal 

amount even if the increased depth exceeded the new minimum channel depth.  For example, 

Scenario B tests the dredging of the main channel to a minimum of 40 ft NAVD88 from a minimum of 

38 ft NAVD88 by adding two feet to all the main channel depths.  If a cell initially had a depth of 

39 ft NAVD88, its depth would become 41 ft NAVD88.  This method results in a conservative estimate of 

depth for a screening level analysis. 

Scenario B (Figure 3.3) brings the channel depths to the current (2008) depths.  Two feet were added to 

each cell depth in the main channel from the mouth up to Drummond Point to bring the minimum depth 

in that part of the channel to 40 ft NAVD88.  Five feet were added to the channel cells on the Western 

side of Blount Island to bring the minimum depth to 38 ft NAVD88.   

Scenario C (Figure 3.4) uses channel depths considered for future dredging.  For these depths, seven feet  

were added to the original (Base Case) cell depths inside the main channel from the mouth of the river 

to the Fuller Warren Bridge to bring these cells to a minimum depth of 45 ft NAVD88.  Depths of the 

original channel cells were increased by twelve feet on the Western side of Blount Island to bring them 

to a minimum depth of 45 ft NAVD88. 

Scenario D (Figure 3.5) is essentially the same as Scenario C, except for additional deepening at the river 

entrance seaward of Mayport.  From Mayport out to the ocean, the channel cells are deepened to at 

least 50 ft NAVD88 to examine a dredging scenario proposed by the Navy. 
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Figure 3.2  Scenario A (Base Case) channel depths. 
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Figure 3.3:  Channel Deepening Scenario B includes deepening the channel from the river mouth to Drummond Point to a 
minimum depth of 40 ft NAVD88 and deepening the channel on the Western Side of Blount Island to a minimum depth of 
38 ft NAVD88. 
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Figure 3.4:  Channel Deepening Scenario C includes deepening the channel from the river mouth to close to the Fuller Warren 
Bridge and the channel on the Western side of Blount Island to a minimum depth of 45 ft NAVD88. 
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Figure 3.5:  Channel Deepening Scenario D includes the same channel depths as Scenario C, but also includes a minimum 
channel depth of 50 ft NAVD88 from Mayport to the river mouth.   
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Wastewater Reuse 
This scenario examined the complete removal of wastewater discharge to the LSJR from 36 wastewater 

treatment plants within the model area (Figure 3.6).  The magnitude of each discharge is shown in Table 

3.1.  Although removal of wastewater outfall will benefit the river by reducing nutrient pollution, this 

study deals purely with the effects of the ancillary freshwater reduction on river salinity.  Average flows 

from the wastewater treatment plants were used in the Base Case scenario and so temporal fluctuations 

in discharge were not taken into account.  For the Wastewater Reuse scenario, 136.51 MGD were 

removed from the Base Case scenario.  All municipal treatment plants and industrial treatment plants, 

such as the one from Georgia Pacific, are included in this total.  Although not all wastewater streams are 

proposed for removal, this scenario provides a conservative estimate of this factor. 
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Figure 3.6:  Locations of wastewater treatment plants.   



Phase I AWS Engineering DRAFT 28 October  2008 

  Page 
11 

 
  

 

Table 3.1:  The wastewater treatment plants which discharge into the Lower St. Johns River grid listed in decreasing order of 
discharge.  

Number  Name  Discharge (MGD)  
8  Georgia Pacific  35.80  
2  Buckman WWTF  32.07  
3  Arlington East WWTF  10.25  
6  Stone Container Corp  7.60  
5  Southwest Dist WWTF  6.15  
1  Mandarin WWTF  4.77  
7  Jefferson Smurfit Corp  4.70  
4  Jax District II WWTF  4.05  
22  Miller Street WWTP  3.42  
11  Jax Beach  2.92  
16  Montery WWTF  2.89  
30  Palatka  2.65  
24  Royal Lakes  2.41  
20  Orange Park  1.91  
29  Atlantic Bch WWTF  1.90  
18  San Jose Subdivision  1.89  
19  Jax Heights  1.08  
31  Anheuser Busch  1.02  
15  Buccaneer WWTF  1.01  
9  USN Mayport  0.99  
10  NAS JAX  0.98  
14  Neptune Beach WWTF  0.98  
17  Holly Oaks Subdivision  0.74  
25  Beacon Hills WWTF  0.73  
33  Julington WWTP  0.62  
12  Green Cove Springs  0.45  
34  Fleming I WWTP  0.45  
21  San Pablo WWTF  0.42  
35  Beauclerc STP  0.37  
26  Woodmere Subdivision  0.34  
27  S. Green Cove WWTF  0.26  
36  United Water FL  0.23  
28  Fleming Oaks WWTP  0.22  
23  Ortega Hills Subdivision  0.13  
32  Hastings  0.06  
13  Wesley Manor Retire Village  0.05  

 

Sea Level Rise 
This study examined three different sea level rise scenarios.  The first scenario considered the current 

(historic) trend in sea level rise at Mayport.  The second scenario considered the current trend plus the 

median projection for sea level rise due to climate change.  The third scenario considered the current 

trend plus the highest 1% projection for sea level rise due to climate change.  The method of calculating 
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the sea level rise is based on Titus and Narayanan (1995).  A twenty-five year time horizon from 2008 

was used for each scenario, making the target year 2033.  In order to test the sea level rise scenarios, 

the water level boundary conditions were adjusted to have the model run “begin” in 2033.  The 1995 –

2005 ocean water levels, used as a boundary condition in the model, are from measured data and 

therefore include sea level rise over that period.  The calculated sea level rise between 2006 and 2033 

was added uniformly for each scenario to the ten-year water level boundary condition.  Since the model 

stopped at the end of 2005, two extra years were included in the calculation of sea level rise, calculating 

it from 2006-2033.      

Titus and Narayanan (1995) based their sea level rise calculations on changes from 1990.  Their 

calculations include two components, a current trend component and a normalized component that 

accounts for increases in sea level above the current trend (i.e. from climate change). 

Current Trend 

The current trend for sea level rise at Mayport is 2.2 mm/yr (Titus and Narayanan, 1995).   

𝑇𝑟𝑒𝑛𝑑 = 2.2
𝑚𝑚

𝑦𝑟
× 𝑦𝑒𝑎𝑟𝑠 

Therefore, for the twenty-seven years from 2006 –2033, the increase in sea level rise caused by the 

current trend is: 

𝑇𝑟𝑒𝑛𝑑 = 2.2
𝑚𝑚

𝑦𝑟
× 27 𝑦𝑒𝑎𝑟𝑠 = 59.4 𝑚𝑚 = 5.94 𝑐𝑚 

Median Projection 

Titus and Narayanan (1995) include a table showing normalized sea level increase projections from 1990 

for different cumulative probabilities at twenty-five year intervals starting in 2025.  Adjustments need to 

be made and interpolations done in order to use these numbers to estimate a sea level rise from 2006 

to 2033.  The following equations show the interpolations for the median cumulative probability 

projection: 

Table 3.2:  Normalized projected sea level increases compared to 1990 levels (cm) (Titus and Narayanan, 1995). 

2025 2050 

5 10 

 

The normalized projection from 1990-2006 is calculated here as Value1: 

𝑉𝑎𝑙𝑢𝑒1 = 𝑉𝑎𝑙𝑢𝑒0 + 𝑆𝑙𝑜𝑝𝑒1 × (𝑦𝑒𝑎𝑟 − 1990) 

Where: 

Value1 = Normalized, projected sea level rise from 1990 to the year of interest 

Value0 = 0 cm, since 1990 is the reference point 



Phase I AWS Engineering DRAFT 28 October  2008 

  Page 
13 

 
  

Slope1 = Slope of normalized, projected sea level rise from 1990 to 2025    

𝑆𝑙𝑜𝑝𝑒1 =
 5 𝑐𝑚 − 0 𝑐𝑚 

 2025 − 1990 
= 0.14

𝑐𝑚

𝑦𝑟
 

𝑉𝑎𝑙𝑢𝑒1 = 0 𝑐𝑚 + 0.14
𝑐𝑚

𝑦𝑟
×  2006 − 1990  

𝑉𝑎𝑙𝑢𝑒1 = 2.29 𝑐𝑚 

Next, the increase in normalized, projected sea level rise between 1990 and 2033 is found as Value2 

using the 5 cm normalized projection for 1990 – 2025 and the slope of the normalized projections 

between 2025 and 2050: 

𝑉𝑎𝑙𝑢𝑒2 = 𝑉𝑎𝑙𝑢𝑒2025 + 𝑆𝑙𝑜𝑝𝑒2 ×  𝑦𝑒𝑎𝑟 − 2025  

Where: 

Value2 = Normalized, projected sea level rise from 1990 to the year of interest 

Value2025 = 5 cm, this is the normalized projected sea level rise from 1990 to 2025 

Slope2 = Slope of normalized, projected sea level rise between 2025 and 2050. 

𝑆𝑙𝑜𝑝𝑒2 =
 10 𝑐𝑚 − 5 𝑐𝑚 

 2050 − 2025 
= 0.2

𝑐𝑚

𝑦𝑟
 

𝑉𝑎𝑙𝑢𝑒2 = 5 𝑐𝑚 + 0.2
𝑐𝑚

𝑦𝑟
×  2033 − 2025  

𝑉𝑎𝑙𝑢𝑒2 = 6.6 𝑐𝑚 

 

The difference between the sea level rise from 1990 and 2033 and the sea level rise from 1990 and 2006 

is found to give the sea level rise from 2006 to 2033. 

𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 2006 𝑡𝑜 2033 = 6.6 𝑐𝑚 − 2.29 𝑐𝑚 

𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 2006 𝑡𝑜 2033 = 4.31 𝑐𝑚 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑐𝑎𝑙 𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑇𝑟𝑒𝑛𝑑 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑐𝑎𝑙 𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 = 4.31 𝑐𝑚 + 5.94 𝑐𝑚 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑐𝑎𝑙 𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 = 10.25 𝑐𝑚 

One Percent High Projection 

  The methodology is the same for the 1% high projection. 
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Table 3.3:  Normalized projected sea level increases compared to 1990 levels (cm) (Titus and Narayanan, 1995). 

2025 2050 

19 35 

 

The normalized projection from 1990-2006 is calculated here as Value1: 

𝑉𝑎𝑙𝑢𝑒1 = 𝑉𝑎𝑙𝑢𝑒0 + 𝑆𝑙𝑜𝑝𝑒1 × (𝑦𝑒𝑎𝑟 − 1990) 

Where: 

Value1 = Normalized, projected sea level rise from 1990 to the year of interest 

Value0 = 0 cm, since 1990 is the reference point 

Slope1 = Slope of normalized, projected sea level rise from 1990 to 2025    

𝑆𝑙𝑜𝑝𝑒1 =
 19 𝑐𝑚 − 0 𝑐𝑚 

 2025 − 1990 
= 0.54

𝑐𝑚

𝑦𝑟
 

𝑉𝑎𝑙𝑢𝑒1 = 0 𝑐𝑚 + 0.54
𝑐𝑚

𝑦𝑟
×  2006 − 1990  

𝑉𝑎𝑙𝑢𝑒1 = 8.69 𝑐𝑚 

Next, the increase in normalized, projected sea level rise between 1990 and 2033 is found as Value2 

using the 19 cm normalized projection for 1990 – 2025 and the slope of the normalized projections 

between 2025 and 2050: 

𝑉𝑎𝑙𝑢𝑒2 = 𝑉𝑎𝑙𝑢𝑒2025 + 𝑆𝑙𝑜𝑝𝑒2 ×  𝑦𝑒𝑎𝑟 − 2025  

Where: 

Value2 = Normalized, projected sea level rise from 1990 to the year of interest 

Value2025 = 5 cm, this is the normalized projected sea level rise from 1990 to 2025 

Slope2 = Slope of normalized, projected sea level rise between 2025 and 2050. 

𝑆𝑙𝑜𝑝𝑒2 =
 35 𝑐𝑚 − 19 𝑐𝑚 

 2050 − 2025 
= 0.64

𝑐𝑚

𝑦𝑟
 

𝑉𝑎𝑙𝑢𝑒2 = 19 𝑐𝑚 + 0.64
𝑐𝑚

𝑦𝑟
×  2033 − 2025  

𝑉𝑎𝑙𝑢𝑒2 = 24.12 𝑐𝑚 
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The difference between the sea level rise from 1990 and 2033 and the sea level rise from 1990 and 2006 

is found to give the sea level rise from 2006 to 2033. 

𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 2006 𝑡𝑜 2033 = 24.12 𝑐𝑚 − 8.69 𝑐𝑚 

𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 2006 𝑡𝑜 2033 = 15.43 𝑐𝑚 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑐𝑎𝑙 𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 + 𝐻𝑖𝑠𝑡𝑜𝑟𝑖𝑐𝑎𝑙 𝑇𝑟𝑒𝑛𝑑 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑐𝑎𝑙 𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 = 15.34 𝑐𝑚 + 5.94 𝑐𝑚 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑜𝑐𝑎𝑙 𝑆𝑒𝑎 𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 = 21.37 𝑐𝑚 

The Intergovernmental Panel Climate Change predicts a global mean sea level rise of 0.18 – 0.59 m 

between the end of the 20th century and the end of the 21st century (Bates et al., 2008).  This would 

correspond to twenty-five year increases in sea level of 4.5 – 14.75 cm.  Our defined scenario ranges of 

5.94 – 21.4 cm are consistent with the IPCC projections.  Our Median Sea Level Rise scenario falls well 

within the IPCC values, while our High Sea Level Rise scenario is a conservative scenario. 

Note:  In the Salinity Impact Assessment AWS Cumulative Impact Study by ECT, the “historic trend” is 

the same as the “current trend” here and the “99th percentile high rate estimate” is the same as the 

“one percent high projection” here.  
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1.0 INTRODUCTION 
 

St. Johns River Water Management District (SJRWMD) is considering using the surface 

water of the St. Johns River as an alternative water supply (AWS) to supplement ground 

water supplies. The purpose of this study is to determine the impacts of the following ac-

tivities on the salinity in the St. Johns River: 

• Surface water withdrawal (262 million gallons per day [MGD]). 

• Wastewater reuse (137 MGD). 

• Channel deepening: 

o To 40 feet (ft). 

o To 45 ft. 

o To 45 ft and extend channel to the jetties. 

• Sea level rise: 

o Historic trend. 

o Median estimate. 

o 99th percentile high rate estimate. 
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2.0 METHODOLOGY 
 

A 3-dimensional model, EFDC, was developed by Dr. Peter Sucsy of SJRWMD for the 

St. Johns River from the Atlantic Ocean to the river channel upstream of Lake George. 

Flows, tides, and meteorological data from 1996 through 2005 were used as the model 

input for the baseline condition of a 10-year simulation period. To evaluate the salinity 

impacts by water use, channel deepening, and sea level rise, timeseries output of the 

EFDC model, at 1-hour intervals and at 6 vertical elevations, were obtained at 89 loca-

tions along the St. Johns River and in the tributaries (Figure 1) for 9 modeling scenarios, 

including the baseline condition. Locations 1 through 50 are located at the deepest part of 

the channel along the main stem. Locations 51 through 70 are located near the river banks 

where submerged aquatic vegetation (SAV) is present. Location 71 through 89 are other 

points of interest, such as the tributaries, salinity monitoring stations, and near wastewa-

ter discharges. Table 1 describes the 89 timeseries output locations. 

 

To evaluate the hydrologic characteristics of the selected 10-year modeling period 

(1996-2005) in relation to the long-term hydrologic regime, monthly average flow data at 

the St. Johns River near DeLand (U.S. Geological Survey Station [USGS] 02236000) 

were obtained (Table 2). According to USGS, flow data near DeLand prior to 1956 were 

of poor quality due to the antiquated flow gauging and rating techniques; therefore, only 

flow data from January 1957 through September 2008 were examined. The flow data in-

dicated that the historic annual average flow rate at the St. Johns River near DeLand was 

2,993 cubic feet per second (cfs), while the annual average flow from 1996 through 2005 

was 3,057 cfs; only about 2 percent greater than the long-term average flow. Figure 2 

shows the long-term average monthly flow compared with the average monthly flows 

during the 10-year modeling period (1996-2005). The flow analysis indicates that the 

seasonal flow variation during the 10-year modeling period was similar to that of the 

long-term flow record. Additionally, the average flow in May (the driest month) during 

the modeling period (1996-2005) was lower than the long-term average in May; and the 

average flow in October (the wettest month) during 1996-2005 was higher than the long-

term average. The monthly average flow in May 2002 was the lowest (-119 cfs) in the 
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SELECTED OUTPUT LOCATIONS

M:\acad\080425\SelectedOutputLocations_11x17.mxd

O

0 4 8 12 16
Miles

Legend
!(

Selected Time Series
Output Points

EFDC Model Gid

Cities

County Boundary

DRAFT

twarrington
Text Box
3



 4 Y:\GDP-08\SJRWMD\AWS.DOC—102908 

 

Table 1.  Selected Model Timeseries Output Locations 
 

Location River River 
No. Miles Kilometers Description 

        

1 0.00 0.00 SJR Mouth 
2 2.00 3.22 near Mayport 
3 3.51 5.65 near Sherman Point 
4 4.93 7.93 near Sisters Creek 
5 6.28 10.11 near St. Johns Creek 
6 7.64 12.30 east of Blount Island 
7 9.04 14.55 south of Blount Island 
8 10.73 17.26 near Dames Point 
9 12.05 19.39 near Dames Point Manor 
10 13.06 21.02 near Dunn Creek 
11 13.78 22.18 near Broward Creek 
12 15.05 24.22 near US Navy Fuel Depot 
13 16.21 26.09 near Trout River 
14 17.39 27.99 near Blue Cypress Community Park 
15 18.07 29.08 near Talleyrand 
16 18.82 30.28 near Jacksonville University 
17 19.94 32.09 near Deer Creek 
18 21.03 33.84 near Arlington River 
19 22.61 36.38 near Jacksonville Veterans Memorial Arena 
20 23.74 38.21 near Acosta Bridge (USGS Station) 
21 25.09 40.38 near Fuller Warren Bridge 
22 27.10 43.61 near Miramar Terrace (Point La Vista) 
23 28.68 46.16 near Venetia 
24 29.89 48.10 near Piney Point 
25 32.15 51.74 near Jacksonville Navy Air Station 
26 33.85 54.47 near Buckman Bridge (USGS Station) 
27 36.45 58.67 near Orange Park and Mandarin 
28 38.61 62.13 near Julington Creek 
29 42.39 68.22 near Switzerland 
30 44.08 70.93 near Black Creek 
31 45.72 73.59 near Magnolia 
32 47.00 75.64 near Green Cove Spring 
33 49.86 80.23 near Shands Bridge 
34 52.94 85.20 near Pacetti Point and Bayard Point 
35 55.27 88.95 near Picolata 
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Table 1.  Selected Model Timeseries Output Locations 
 

Location River River 
No. Miles Kilometers Description 

        

36 58.00 93.34 near Waston Island 
37 60.22 96.92 near West Tocoi 
38 64.00 103.00 near Racy Point (Riverdale) 
39 67.62 108.83 near Federal Point 
40 70.88 114.08 near Murphys Cove 
41 74.95 120.62 near Rice Creek (Forrester Point) 
42 78.94 127.04 US17 Bridge near Palatka 
43 83.93 135.07 near San Mateo 
44 86.45 139.13 near Dunns Creek 
45 89.84 144.58 near Buffalo Bluff (USGS Station) 
46 92.96 149.60 near Barge Canal 
47 100.79 162.20 near Lower Ocklawaha River 
48 107.40 172.84 near Georgetown (LG exit) 
49 115.70 186.19 Lake George 
50 122.24 196.72 Lake George entrance 

51 19.26 30.99 near Jacksonville University (east shore) 
52 25.38 40.85 near St. Vincent's Medical Center (Riverside, 

west shore) 
53 27.07 43.56 Point La Vista (east shore) 
54 30.43 48.97 near Bolles School (east shore, SAV station) 
55 30.84 49.63 near Jacksonville Naval Air Station (west shore) 
56 31.63 50.90 near Beauclerc Gardens (east shore) 
57 33.87 54.51 near Buckman Bridge SAV station (west shore) 
58 36.00 57.94 near Orange Park (west shore) 
59 38.00 61.16 near Moccasin Slough (west shore, SAV station) 
60 40.81 65.68 near Fleming Island (west shore) 
61 43.04 69.27 near Switzerland (east shore) 
62 46.44 74.74 near Magnolia (west shore) 
63 49.91 80.32 near Orangedale (east shore, SAV station) 
64 54.56 87.81 near Bayard Point (west shore) 
65 58.00 93.34 near Waston Island (east shore) 
66 63.25 101.79 near Cedar Point (west shore) 
67 66.51 107.04 near Deep Creek (east shore) 
68 70.31 113.15 near Fairview (Vdiere Point, west shore) 
69 74.51 119.91 near Rice Creek SAV station (west shore) 
70 78.00 125.53 near Palatka (west shore) 
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Table 1.  Selected Model Timeseries Output Locations 
 

Location River River 
No. Miles Kilometers Description 

        

71 10.63 17.10 USGS Station at Dames Point 
72 49.90 80.30 USGS Station at Shands Bridge 
73 71.39 114.90 USGS Station at Dancy Point 
74 North of Blount Island 
75 Mill Cove near Newcastle Island 
76 Dunn Creek 
77 Broward River 
78 Trout River at I-95 
79 Trout River at Lem Turner Rd (SR-115) 
80 27.00 43.45 mouth of Ortega River 
81 Ortega River at US-17 
82 Ortega River at SR-134 (Timuquana Rd) 
83 Doctors Lake 
84 Dunns Creek 
85 Crescent Lake 
86 Mill Cove near Marion Island 
87 19.24 30.96 near Buckman Outfall 
88 Mill Cove near Arlington East WWTP outfall 
89 75.41 121.36 near Rice Creek (west shore), GP Outfall 
        

 
Source:  ECT, 2008. 
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Table 2.  Monthly Average Flow Data at St. Johns River near DeLand, FL (USGS 02236000) 
 

Annual 
Monthly Average Discharge (cfs)  Average 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec (cfs) 
                              

1957 2,716 1,403 2,111 2,353 2,484 2,530 2,405 2,722 7,108 6,073 3,944 2,428 3,196 
1958 2,538 4,013 5,640 4,967 2,528 465.3 2,378 1,895 404.7 980 3,318 1,852 2,573 
1959 3,301 2,344 4,587 7,986 4,996 3,678 4,738 4,673 4,654 6,412 6,120 5,111 4,896 
1960 3,692 3,587 6,826 9,811 4,445 2,623 6,204 10,280 12,060 14,910 9,843 5,189 7,464 
1961 2,659 2,844 1,850 1,414 852.4 926.3 1,249 1,132 3,050 2,545 1,101 1,044 1,714 
1962 1,042 594.3 542 613.8 61.6 229 925.7 1,929 3,651 4,855 3,555 2,517 1,715 
1963 2,105 3,232 5,224 2,738 952.6 1,020 1,662 1,541 1,663 5,229 4,919 5,450 2,980 
1964 5,574 6,441 4,779 3,079 1,413 892.5 1,955 2,706 10,670 8,469 4,429 3,260 4,458 
1965 2,193 1,733 2,739 1,703 1,257 1,169 3,116 3,824 1,877 3,042 3,359 2,480 2,383 
1966 2,266 3,412 6,543 5,100 2,009 3,908 6,795 6,604 5,239 6,208 4,253 3,086 4,628 
1967 1,854 1,865 1,633 829.9 513.3 1,036 3,556 5,295 5,010 3,669 1,600 984.5 2,326 
1968 908.7 961.7 1,738 442.3 667.4 6,603 11,750 6,707 3,627 3,678 6,002 3,861 3,926 
1969 2,689 1,976 2,990 3,348 1,592 1,853 1,813 3,349 4,911 7,015 8,131 7,252 3,919 
1970 6,750 6,434 5,230 3,300 1,667 1,296 1,635 2,419 1,681 1,425 1,631 879.7 2,843 
1971 1,286 1,916 781.6 888.3 406.8 616.7 1,578 1,786 693 1,500 2,030 2,235 1,308 
1972 1,478 2,365 1,700 2,207 875.5 2,110 2,894 2,536 3,554 1,792 1,883 2,887 2,186 
1973 2,622 3,826 2,851 2,188 1,381 1,146 2,071 3,486 4,394 4,347 4,277 3,116 2,968 
1974 1,936 867.5 669.6 701 202.3 875.3 6,455 8,041 6,657 6,760 3,932 1,758 3,260 
1975 921.1 621.7 577.5 599.2 846.8 1,240 3,037 3,713 3,536 3,981 3,650 2,396 2,104 
1976 1,816 1,221 545.6 615.2 1,213 3,129 3,959 4,016 4,836 4,278 3,216 2,440 2,611 
1977 2,774 2,454 1,577 1,188 792.1 1,419 1,296 1,813 2,946 2,272 1,875 2,678 1,920 
1978 3,272 3,850 5,644 2,772 1,769 1,952 3,487 6,429 5,836 3,907 2,684 2,324 3,663 
1979 3,968 4,020 4,157 1,957 2,438 2,103 3,139 3,575 5,730 8,704 6,392 3,589 4,150 
1980 2,035 1,945 2,485 2,060 1,162 1,164 800.1 643.6 869.9 479.7 251 233.9 1,174 
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Table 2.  Monthly Average Flow Data at St. Johns River near DeLand, FL (USGS 02236000) 
 

Annual 
Monthly Average Discharge (cfs)  Average 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec (cfs) 
                              

1981 1,439 1,124 1,104 655.8 286.4 358.7 481.6 895.3 1,643 446.2 1,104 809.7 859 
1982 1,473 591.5 906.5 4,285 2,435 3,995 7,755 7,273 6,175 5,861 4,007 2,644 3,970 
1983 1,739 4,571 6,696 7,697 5,170 2,665 2,977 3,085 2,409 2,533 3,295 3,473 3,852 
1984 4,503 4,264 3,203 3,095 2,649 1,739 3,389 3,558 3,697 3,150 1,844 2,740 3,153 
1985 2,214 1,817 859.4 1,353 1,003 2,281 1,425 2,517 5,746 6,354 6,191 4,559 3,027 
1986 5,112 4,236 1,775 1,077 1,136 1,515 1,988 1,687 1,742 1,379 1,945 1,679 2,094 
1987 2,587 2,167 2,731 5,519 2,685 1,674 1,444 1,327 1,926 1,741 3,770 3,357 2,574 
1988 4,177 3,981 3,666 3,173 1,910 1,488 1,639 2,092 3,372 2,102 1,909 2,811 2,689 
1989 2,136 2,978 1,762 1,313 1,016 1,070 1,232 1,456 1,619 1,782 3,134 2,261 1,804 
1990 2,440 1,805 1,487 1,487 889.3 1,260 1,344 1,351 864 1,196 1,824 2,127 1,505 
1991 1,425 1,385 1,766 2,511 1,287 3,313 6,546 6,971 4,617 4,590 4,053 3,123 3,481 
1992 2,319 1,118 1,324 1,738 1,519 1,520 2,054 3,466 5,736 7,239 6,112 4,225 3,203 
1993 2,355 3,434 3,468 3,299 1,900 1,614 1,812 1,303 2,277 1,206 1,348 1,580 2,122 
1994 1,425 1,733 2,049 1,089 571.8 2,699 4,129 5,117 5,616 7,265 8,250 8,528 4,054 
1995 7,028 4,853 3,029 2,134 2,040 1,940 2,743 4,246 7,177 8,271 7,684 5,324 4,704 
1996 5,305 3,574 3,464 5,804 2,836 2,749 3,448 1,978 2,890 3,620 2,502 1,987 3,344 
1997 1,379 1,337 1,050 642.2 909.7 1,186 2,531 4,359 3,742 2,837 2,927 4,244 2,271 
1998 8,509 7,106 9,912 6,753 3,607 1,614 1,270 1,503 2,128 3,977 3,144 1,390 4,228 
1999 1,354 636.2 805.3 283.5 589 1,124 2,472 1,149 1,592 6,934 8,788 5,550 2,619 
2000 3,060 1,714 255.8 495.2 209.7 317 316.5 234.4 526 1,775 2,058 959.1 991 
2001 968.1 720.4 654.2 910.5 601.5 837.6 1,604 3,284 5,890 8,639 6,173 4,598 2,919 
2002 2,500 1,089 2,005 790.6 -119 1,104 6,039 8,202 8,355 4,831 2,644 3,614 3,443 
2003 6,438 4,264 3,396 2,969 1,196 1,777 3,073 4,849 5,141 4,985 3,587 2,098 3,646 
2004 1,314 1,325 1,903 1,055 672.4 902.4 2,027 3,540 9,782 12,030 8,570 4,751 3,992 
2005 2,630 2,183 2,382 3,003 2,019 3,607 6,475 6,007 4,546 6,075 8,935 6,837 4,573 
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Table 2.  Monthly Average Flow Data at St. Johns River near DeLand, FL (USGS 02236000) 
 

Annual 
Monthly Average Discharge (cfs)  Average 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec (cfs) 
                              

2006 4,275 2,434 1,193 858 560.2 666 1,185 582.3 2,414 2,306 1,335 1,448 1,601 
2007 1,405 1,291 475.4 354.6 798.1 1,428 1,504 1,851 1,687 2,864 2,998 1,909 1,548 
2008 1,213 1,509 1,514 884 508 767 1,698 5,320 12,647 

                              
  

Average 
(1957-2008) 2,791 2,561 2,659 2,463 1,489 1,754 2,952 3,468 4,243 4,481 3,971 3,092 2,993 

Average 
(1996-2005) 3,430 2,398 2,456 2,142 1,189 1,444 2,767 3,244 4,273 5,274 4,606 3,407 3,057 

                              
 

Note:  Flow data after October 1, 2007, were provisional data. 
 
Sources: USGS, 2008. 
   ECT, 2008. 
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   FIGURE 2. 

    MONTHLY AVERAGE FLOWS AT ST. JOHNS RIVER NEAR DELAND

    Source:  ECT, 2008.
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period of record, and the monthly average flow in October 2004 during an unusually ac-

tive hurricane season was 12,030 cfs, which represents a high flow month with a 25-year 

return period. Therefore, the 10-year modeling period (1996-2005) adequately represents 

long-term hydroperiod of the St. Johns River, including a worst-case dry season and an 

unusually wet season. 
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3.0 BASELINE SALINITY CHARACTERIZATION 
 

The characterization of the St. Johns River salinity regime for the baseline condition is 

presented in this section. The vertical average salinity timeseries at several selected loca-

tions, obtained by post-processing the model output, are used to illustrate the seasonal 

and daily salinity variation in the St. Johns River. Figure 3 presents the daily average sa-

linity during the 10-year simulation period at location 16 near Jacksonville University 

(JU) (River Mile [RM] 18.8) in the mesohaline zone (5 to 18 parts per thousand [ppt] sa-

linity). The figure shows that the daily average salinity near JU can vary from 31.5 ppt to 

less than 1 ppt within a 3-month period, and large salinity fluctuation can occur from day 

to day. Figures 4 and 5 present the daily average salinity timeseries at location 24 near 

Piney Point (RM 29.9) and at location 33 near Shands Bridge (RM 49.9), respectively. 

Both locations are within the oligohaline zone (0.5 to 5 ppt). The daily average salinity 

near Piney Point ranges from 24 to 0.2 ppt and the daily average salinity near Shands 

Bridge ranges from 7.0 to 0.2 ppt. Figure 6 shows the daily average salinity timeseries 

near Palatka (RM 78.9) in the freshwater zone, where daily average salinity ranges from 

0.2 to 0.8 ppt. 

 

Figures 7 and 8 illustrate hourly salinity in August 1997, a normal wet month, near JU 

and Shands Bridge, respectively. Hourly salinity timeseries near JU clearly exhibits diur-

nal pattern of salinity variation, where large intraday salinity fluctuation is a norm. In 

contrast, the salinity fluctuation is quite small at Shands Bridge during this wet month. 

Figures 9 and 10 illustrate the hourly salinity variation near JU and Shands Bridge, re-

spectively, in May and June of 2002 when extreme flow reversal occurred. The hourly 

salinity timeseries during extreme flow reversal shows that the salinity at Shands Bridge 

can be as high as 7.5 ppt, with daily salinity fluctuation as great as 2.6 ppt. 

 

Figure 11 presents the average salinity, average of daily maximum salinity, and average 

of daily minimum salinity along the main stem of the river. It also shows the average dai-

ly fluctuation in salinity at various locations along the river. The analysis indicates that 

the greatest daily salinity fluctuation (13.2 ppt) occurs at RM 9.0 near Blount Island.
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   FIGURE 3.

Date

   BASELINE DAILY AVERAGE SALINITY AT LOCATION NO. 16  NEAR 
   JACKSONVILLE UNIVERSITY
    Source:  ECT, 2008.
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   FIGURE 4.

Date

   BASELINE DAILY AVERAGE SALINITY AT LOCATION NO. 24  NEAR 
   PINEY POINT
    Source:  ECT, 2008.

DRAFT



Y:\GDP-08\SJRWMD\AWSFGS.XLS\5—10/29/2008

20

16

18

20

12

14

y (
pp

t)

15 8

10

er
ag

e S
al

in
ity

2

4

6

Pr
of

ile
 A

ve

0

2

1/1/96 12/31/96 12/31/97 12/31/98 12/31/99 12/30/00 12/30/01 12/30/02 12/30/03 12/29/04 12/29/05

   FIGURE 5.

Date

   BASELINE DAILY AVERAGE SALINITY AT LOCATION NO. 33  NEAR 
   SHANDS BRIDGE
    Source:  ECT, 2008.
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   FIGURE 6.

Date

   BASELINE DAILY AVERAGE SALINITY AT LOCATION NO. 42  NEAR PALATKA

    Source:  ECT, 2008.
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   FIGURE 7.
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   HOURLY BASELINE SALINITY NEAR JACKSONVILLE UNIVERSITY (8/1—8/31/97)

    Source:  ECT, 2008.

DRAFT



Y:\GDP-08\SJRWMD\AWSFGS.XLS\8—10/29/2008

10

8

9

10

6

7

8

(p
pt

)

18 4

5

er
ag

e S
al

in
ity

 (

2

3

Pr
of

ile
 A

v

0

1

8/1/97 8/16/97 8/31/97 9/15/97 9/30/97 10/15/97 10/30/97

   FIGURE 8.

Date

   HOURLY BASELINE SALINITY NEAR SHANDS BRIDGE  (8/1—10/31/97)

    Source:  ECT, 2008.
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   FIGURE 9.
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   HOURLY BASELINE SALINITY NEAR JACKSONVILLE UNIVERSITY (5/1—6/30/02)

    Source:  ECT, 2008.
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   FIGURE 10.

Date

   HOURLY BASELINE SALINITY NEAR SHANDS BRIDGE (5/1—6/30/02)

    Source:  ECT, 2008.
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   FIGURE 11.
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   LONGITUDINAL SALINITY PROFILES OF ANNUAL AVERAGE SALINITY 
   (BASELINE)
    Source:  ECT, 2008.
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Upstream of Buckman Bridge (RM 33.9), the average daily salinity fluctuation is less 

than 1.1 ppt. Similarly, Figure 12 shows the longitudinal salinity profiles during the driest 

two months (May and June). It indicates that the average salinity in the dry season is 

greater than that of the annual average salinity. However, the daily salinity fluctuation 

during the dry season is less than the annual average daily salinity fluctuation down-

stream from RM 18.1 (near Talleyrand) and vice versa downstream from RM 18.1. Salin-

ity values shown in Figures 3 through 12 are vertical average salinities. 

 

St. Johns River can be classified as a partially stratified estuary in the polyhaline, meso-

haline, and part of the oligohaline zones. To illustrate the stratification pattern in the St. 

Johns River, the timeseries of the surface-to-bottom salinity difference, or ΔS, are pre-

sented near JU, Piney Point, Shands Bridge, and Palatka (Figures 13 through 16). The 

model simulation results indicate that daily average ΔS can be as high as 10.3 ppt at JU 

where average ΔS is 3.1 ppt. The daily average ΔS near Piney Point is as high as 9.3 ppt 

and the average ΔS is 0.8 ppt. At Shands Bridge, the water column is mostly not strati-

fied. However, ΔS can be as high as 6.6 ppt in short durations when significant flow re-

versal occurs. The average ΔS at Shands Bridge is 0.1 ppt. St. Johns River near Palatka is 

practically not stratified. At times during high flow conditions, the water columns at these 

four locations were fully mixed. Figure 17 shows the ΔS along the main stem of the St. 

Johns River. The lower solid line represents the 10-year average ΔS; the top broken line 

represents the 99.9th percentile daily maximum ΔS during the 10-year period; the trian-

gles represent ΔS along the banks of the St. Johns River near SAV beds. The analysis in-

dicates that the largest average ΔS (10.8 ppt) occurs near the east of Blount Island 

(RM 7.6). Figure 17 also shows that ΔS in the shallow waters near river banks is smaller 

than that in the deeper water. The 99.9th percentile (near maximum) daily maximum ΔS 

profile exhibits an inversion point at Fuller Warren Bridge (RM 25.1). Immediately up-

stream of Fuller Warren Bridge, the river cross section widens dramatically which causes 

significant reduction of the current velocity. Consequently, re-stratification of the salinity 

occurs between Fuller Warren Bridge and Orange Park (RM 36.5) due to the reduction of 

turbulent mixing. Similarly, Figure 18 shows the ΔS along the St. Johns River during the 

dry seasons (May and June).  
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   FIGURE 12.
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   LONGITUDINAL SALINITY PROFILES OF AVERAGE SALINITY DURING 
   DRY SEASON (BASELINE)
    Source:  ECT, 2008.
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   FIGURE 13.

Date

   BASELINE DAILY AVERAGE  TOP-TO-BOTTOM SALINITY DIFFERENCE AT
   LOCATION 16 NEAR JACKSONVILLE UNIVERSITY
    Source:  ECT, 2008.
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   FIGURE 14.

Date

   BASELINE DAILY AVERAGE  TOP-TO-BOTTOM SALINITY DIFFERENCE AT
   LOCATION 24 NEAR PINEY POINT
    Source:  ECT, 2008.
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   FIGURE 15.

Date

   BASELINE DAILY AVERAGE  TOP-TO-BOTTOM SALINITY DIFFERENCE AT
   LOCATION 33 NEAR SHANDS BRIDGE
    Source:  ECT, 2008.
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   FIGURE 16.

Date

   BASELINE DAILY AVERAGE  TOP-TO-BOTTOM SALINITY DIFFERENCE AT
   LOCATION 42 NEAR PALATKA
    Source:  ECT, 2008.
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   FIGURE 17.
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   SURFACE-TO-BOTTOM SALINITY DIFFERENCE ALONG THE ST. JOHNS RIVER
   (ANNUAL, BASELINE)
    Source:  ECT, 2008.
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   FIGURE 18.
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   SURFACE-TO-BOTTOM SALINITY DIFFERENCE ALONG THE ST. JOHNS RIVER
   (DRY SEASON, BASELINE)
    Source:  ECT, 2008.
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The baseline salinity characterizations are summarized in Appendix A (Tables A-1 and 

A-2). 

 

DRAFT



 31 Y:\GDP-08\SJRWMD\AWS.DOC—102908 

4.0 SALINITY IMPACT ASSESSMENT 
 

4.1 FULL WITHDRAWAL AND WASTEWATER REUSE 
Figure 19 shows the projected salinities (daily average, average of daily maximum, and 

average of daily minimum) under the full withdrawal scenario, compared with the base-

line salinity profiles. The red dash line above the x-axis represents the salinity increase by 

the full withdrawal of 262 MGD. The green broken line represents the average daily fluc-

tuation in baseline salinity. The results indicate that the greatest average increase 

(0.7 ppt) occurs at RM 21.0 near Arlington River, which is about 8 percent of the average 

salinity (8.67 ppt) and 12 percent of the daily salinity fluctuation (5.99 ppt). 

 

Figure 20 shows the increase in surface salinity, bottom salinity, and profile average sa-

linity by full withdrawal, which indicates that the greatest increase in surface salinity by 

full withdrawal is about the same as the greatest increase in bottom salinity and profile 

average salinity. 

 

Figure 21 compares the salinity increase by full withdrawal and by wastewater reuse (re-

moving wastewater discharge from the St. Johns River). The total wastewater removal is 

137 MGD. Among the largest wastewater discharges to be removed are JEA’s Buckman 

outfall (32 MGD at RM 19) and Georgic Pacific outfall (35.8 MGD at RM 75). The re-

sults indicate that although the total removed wastewater (137 MGD) is only approx-

imately 52 percent of the full withdrawal (262 MGD), the greatest increase in average 

salinity (0.68 ppt near Buckman Outfall at RM 18.1) by wastewater reuse is about the 

same as the maximum impact by full withdrawal. However, the maximum impact of 

wastewater removal is more localized near the wastewater discharges. 

 

4.2 SEA LEVEL RISE 
Three sea level rise scenarios were considered to evaluate the salinity impacts:  historic 

trend of sea level rise, medium projection of sea level rise, and high projection of sea lev-

el rise. Figure 22 shows the increase in 10-year average salinity for all three scenarios. 

The greatest increase in average salinity by high estimate sea level rise is about 0.5 ppt
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   FIGURE 19.
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   LONGITUDINAL SALINITY PROFILES (BASELINE AND FULL WITHDRAWAL 
   SCENARIO) AND SALINITY INCREASE BY WITHDRAWAL
    Source:  ECT, 2008.
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   FIGURE 20.
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   INCREASE IN SURFACE, BOTTOM, AND PROFILE AVERAGE SALINITY
   BY FULL WITHDRAWAL (ANNUAL)
    Source:  ECT, 2008.
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   SALINITY IMPACT BY FULL WITHDRAWAL AND WASTEWATER REUSE

    Source:  ECT, 2008.
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  EFFECTS OF SEA LEVEL RISE ON ST. JOHNS RIVER SALINITY
  (ANNUAL AVERAGE)
    Source:  ECT, 2008.
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near Dames Point Manor (RM 12.1). The greatest increase in average salinity by median 

estimate and historic sea level rise are 0.24 and 0.15 ppt, respectively. 

 

4.3 CHANNEL DEEPENING 
Three channel deepening scenarios: 

• Scenario B—deepened to 40 ft. 

• Scenario C—deepened to 45 ft. 

• Scenario D—deepened to 45 ft and extend the channel to the jetties. 

 

Figure 23 shows the effect of channel deepening on St. Johns River salinity. Scenarios C 

and D have very similar effects on salinity impact except near the jetties at the river 

mouth. The greatest increase in average salinity by deepening scenarios C and D is 

2.2 ppt near Talleyrand Terminal (RM 18.1), the upstream limit of channel deepening. 

The greatest increase in average salinity by deepening scenario B is 0.55 ppt at RM 13.1 

near Dunn Creek. 

 

4.4 SUMMARY 
Figure 24 presents the increase in profile average and annual average salinity by various 

water uses, channel deepening, and sea level rise scenarios. The results indicate that the 

channel deepening scenarios C and D have the greatest effect on the St. Johns River sa-

linity, followed by full withdrawal, wastewater reuse, and channel deepening scenario B. 

The sea level rise has the least effect on salinity. Similarly, Figures 25 and 26 show the 

effects of various activities on surface and bottom salinity in the St. Johns River. Fig-

ures 27 through 29 present the average increase in profile average, surface, and bottom 

salinity during the dry season. 

 

Table 3 summarizes the greatest annual average salinity impact and the locations of max-

imum impact under various scenarios; Table 4 summarizes the greatest average salinity 

impact during the dry season. Tabulations of the salinity impacts at the 89 selected loca-

tions are presented in Appendix B. 
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   FIGURE 23.
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  EFFECTS OF CHANNEL DEEPENING ON ST. JOHNS RIVER SALINITY
  (ANNUAL AVERAGE)
    Source:  ECT, 2008.
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   FIGURE 24.
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   INCREASE IN PROFILE AVERAGE SALINITY (ANNUAL)

    Source:  ECT, 2008.
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   FIGURE 25.
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   INCREASE IN  AVERAGE SURFACE SALINITY (ANNUAL)

    Source:  ECT, 2008.
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   FIGURE 26.
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   INCREASE IN  AVERAGE BOTTOM SALINITY (ANNUAL)

    Source:  ECT, 2008.
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   FIGURE 27.
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   INCREASE IN  PROFILE AVERAGE  SALINITY (DRY SEASON)

    Source:  ECT, 2008.
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   FIGURE 28.
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   INCREASE IN AVERAGE  SURFACE SALINITY (DRY SEASON)

    Source:  ECT, 2008.
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   FIGURE 29.
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Table 3. Maximum Increase in Average Salinity (Annual) 
 

Greatest Increase in Average Salinity 
Profile Surface Bottom Location of Maximum Impact  

Average Salinity Salinity Profile Surface Bottom 
Increase Increase Increase Average Salinity Salinity 

Scenario (ppt) (ppt) (ppt) (RM) (RM) (RM) 
                

Full Withdrawal 
 

0.70 0.71 0.69  21.0 18.8 21.0 

Wastewater Reuse 
 

0.66 0.43 1.13  19.9 21.0 18.1 

Channel Deepening (B) 
 

0.55 0.41 0.75  13.1 13.8 10.7 

Channel Deepening (C) 
 

2.20 1.56 2.80  18.1 17.4 18.8 

Channel Deepening (D) 
 

2.23 1.61 2.82  18.1 16.2 18.8 

Sea Level Rise 
(Historic Trend) 
 

 
0.15 

 
0.10 

 
0.19 

  
12.1 

 
10.7 

 
13.8 

Sea Level Rise 
(Medium) 
 

 
0.24 

 
0.17 

 
0.31 

  
12.1 

 
10.7 

 
12.1 

Sea Level Rise 
(High) 

 
0.50 

 
0.35 

 
0.65 

  
12.1 

 
22.6 

 
13.8 

                
 
Source:  ECT, 2008. 
 DRAFT
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Table 4. Maximum Increase in Average Salinity (Dry Season) 
 

Greatest Increase in Average Salinity 
Profile Surface Bottom Location of Maximum Impact  

Average Salinity Salinity Profile Surface Bottom 
Increase Increase Increase Average Salinity Salinity 

Scenario (ppt) (ppt) (ppt) (RM) (RM) (RM) 
                

Full Withdrawal 
 

0.98 1.00 1.00  27.1 21.0 25.1 

Wastewater Reuse 
 

0.80 0.61 1.18  18.1 23.7 18.1 

Channel Deepening (B) 
 

0.44 0.39 0.51  13.1 16.2 10.7 

Channel Deepening (C) 
 

2.02 1.65 1.65  22.6 21.0 21.0 

Channel Deepening (D) 
 

2.04 1.67 2.45  22.6 21.0 22.6 

Sea Level Rise 
(Historic Trend) 
 

 
0.10 

 
0.08 

 
0.12 

  
25.1 

 
22.6 

 
27.1 

Sea Level Rise 
(Medium) 
 

 
0.17 

 
0.14 

 
0.21 

  
27.1 

 
22.6 

 
27.1 

Sea Level Rise 
(High) 

 
0.36 

 
0.29 

 
0.42 

  
27.1 

 
29.9 

 
32.2 

                
 
Source:  ECT, 2008. 
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Table A-1.  Baseline Salinity Summary (Annual) 

Average of Average of Average of 
Daily Daily Daily 99.9th 

Location River Average Maximum Minimum Fluctuation Average Percentile 
No. Miles Salinity Salinity Salinity in Salinity Delta-S Delta-S 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
                

1 0.00 33.66 35.13 30.77 4.36 5.69 30.03 
2 2.00 31.79 34.84 27.65 7.19 7.78 33.61 
3 3.51 30.61 34.71 25.05 9.66 8.43 32.85 
4 4.93 29.68 33.97 25.03 8.94 9.85 33.11 
5 6.28 27.91 33.29 22.59 10.70 9.85 31.84 
6 7.64 26.42 31.79 22.07 9.72 10.82 30.22 
7 9.04 24.49 31.33 18.13 13.20 9.63 29.00 
8 10.73 22.20 27.86 16.14 11.72 7.61 24.24 
9 12.05 20.33 26.17 14.57 11.60 6.57 22.54 

10 13.06 18.34 23.82 13.22 10.60 6.91 23.58 
11 13.78 17.99 23.08 13.16 9.92 7.02 21.33 
12 15.05 16.14 21.49 12.14 9.35 5.78 19.39 
13 16.21 14.87 19.00 11.42 7.58 5.20 18.32 
14 17.39 13.60 17.45 10.39 7.05 4.95 14.45 
15 18.07 12.51 16.34 9.29 7.05 4.25 15.87 
16 18.82 11.22 14.97 7.95 7.02 3.08 16.78 
17 19.94 10.37 13.41 7.37 6.04 3.01 15.64 
18 21.03 8.67 11.91 5.92 5.99 2.30 14.12 
19 22.61 7.60 10.70 5.29 5.41 1.66 13.22 
20 23.74 6.95 9.86 4.88 4.98 1.62 11.96 
21 25.09 6.36 8.96 4.45 4.51 1.01 9.19 
22 27.10 5.22 7.44 3.49 3.95 0.80 11.76 
23 28.68 4.41 6.31 3.14 3.17 0.73 11.21 
24 29.89 3.81 5.27 2.84 2.43 0.76 12.23 
25 32.15 3.03 3.80 2.40 1.40 0.73 12.90 
26 33.85 2.57 3.15 2.09 1.07 0.67 13.06 
27 36.45 2.02 2.38 1.73 0.65 0.52 13.26 
28 38.61 1.74 2.01 1.49 0.52 0.39 12.29 
29 42.39 1.23 1.45 1.05 0.40 0.22 10.96 
30 44.08 1.09 1.27 0.94 0.33 0.18 10.04 
31 45.72 0.96 1.07 0.85 0.22 0.16 9.22 
32 47.00 0.89 0.98 0.80 0.18 0.13 8.63 
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Table A-1.  Baseline Salinity Summary (Annual) 

Average of Average of Average of 
Daily Daily Daily 99.9th 

Location River Average Maximum Minimum Fluctuation Average Percentile 
No. Miles Salinity Salinity Salinity in Salinity Delta-S Delta-S 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
                

33 49.86 0.74 0.82 0.67 0.15 0.10 5.84 
34 52.94 0.63 0.69 0.57 0.12 0.07 4.58 
35 55.27 0.58 0.62 0.53 0.09 0.05 3.21 
36 58.00 0.51 0.55 0.47 0.08 0.01 2.31 
37 60.22 0.46 0.49 0.44 0.04 0.00 0.89 
38 64.00 0.42 0.44 0.41 0.02 0.00 0.27 
39 67.62 0.41 0.42 0.40 0.01 0.00 0.07 
40 70.88 0.41 0.41 0.40 0.01 0.00 0.02 
41 74.95 0.41 0.42 0.40 0.01 0.00 0.01 
42 78.94 0.41 0.42 0.41 0.01 0.00 0.04 
43 83.93 0.42 0.43 0.41 0.02 0.00 0.00 
44 86.45 0.42 0.43 0.41 0.03 0.00 0.15 
45 89.84 0.43 0.44 0.42 0.02 0.00 0.01 
46 92.96 0.43 0.45 0.42 0.02 0.00 0.01 
47 100.79 0.44 0.46 0.40 0.06 0.00 0.05 
48 107.40 0.51 0.52 0.50 0.02 0.00 0.04 
49 115.70 0.48 0.49 0.48 0.01 0.01 0.23 
50 122.24 0.46 0.46 0.45 0.01 0.00 0.12 

51 19.26 9.80 12.77 7.09 5.68 1.62 8.13 
52 25.38 4.61 5.49 4.02 1.47 0.41 9.21 
53 27.07 4.58 5.86 3.55 2.31 0.35 8.65 
54 30.43 2.98 3.26 2.75 0.51 0.12 4.65 
55 30.84 2.93 3.76 2.27 1.48 0.09 6.56 
56 31.63 2.86 3.04 2.71 0.33 0.14 4.37 
57 33.87 2.27 2.38 2.18 0.20 0.04 3.43 
58 36.00 1.88 2.10 1.67 0.43 0.17 8.65 
59 38.00 1.59 1.71 1.45 0.26 0.07 3.87 
60 40.81 1.25 1.41 1.10 0.32 0.04 4.80 
61 43.04 1.11 1.27 0.95 0.32 0.07 7.61 
62 46.44 0.85 0.88 0.82 0.07 0.03 2.67 
63 49.91 0.70 0.73 0.67 0.06 0.03 2.53 
64 54.56 0.53 0.56 0.50 0.06 0.01 1.17 
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Table A-1.  Baseline Salinity Summary (Annual) 

Average of Average of Average of 
Daily Daily Daily 99.9th 

Location River Average Maximum Minimum Fluctuation Average Percentile 
No. Miles Salinity Salinity Salinity in Salinity Delta-S Delta-S 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
                

65 58.00 0.49 0.51 0.47 0.04 0.01 1.01 
66 63.25 0.41 0.42 0.40 0.02 0.00 0.06 
67 66.51 0.45 0.45 0.44 0.01 0.00 0.24 
68 70.31 0.40 0.41 0.39 0.01 0.00 0.01 
69 74.51 0.39 0.40 0.38 0.01 0.00 0.02 
70 78.00 0.41 0.42 0.41 0.01 0.00 0.01 

71 10.63 19.66 26.12 14.66 11.46 5.70 24.25 
72 49.90 0.73 0.81 0.66 0.15 0.06 5.19 
73 71.39 0.41 0.41 0.41 0.01 0.00 0.01 
74 23.22 25.10 21.30 3.79 7.56 19.83 
75 16.16 17.15 15.16 1.99 0.18 7.53 
76 12.41 13.16 11.68 1.48 1.99 16.83 
77 12.24 13.27 11.26 2.00 2.24 19.93 
78 10.16 10.75 9.60 1.14 1.85 16.35 
79 8.22 8.73 7.75 0.98 0.82 13.26 
80 27.00 3.87 4.26 3.49 0.78 0.87 16.20 
81 3.43 3.72 3.15 0.57 1.12 19.87 
82 2.75 2.87 2.63 0.23 0.72 11.86 
83 1.63 1.66 1.61 0.06 0.15 5.85 
84 0.30 0.32 0.28 0.04 0.00 0.00 
85 0.26 0.26 0.26 0.00 0.00 0.17 
86 16.72 18.79 15.07 3.72 0.28 10.41 
87 19.24 11.11 14.30 7.88 6.42 2.80 14.93 
88 16.16 17.22 15.08 2.13 0.21 7.07 
89 75.41 0.39 0.39 0.38 0.02 0.00 0.02 
                

 
Source:  ECT, 2008. 
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Table A-2.  Baseline Salinity Summary (Dry Season) 

Average of Average of Average of 
Daily Daily Daily 99.9th 

Location River Average Maximum Minimum Fluctuation Average Percentile 
No. Miles Salinity Salinity Salinity in Salinity Delta-S Delta-S 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
                

1 0.00 34.14 35.18 32.02 3.16 3.58 20.94 
2 2.00 32.86 34.99 29.77 5.21 4.76 24.38 
3 3.51 32.12 34.96 27.99 6.96 5.21 23.85 
4 4.93 31.34 34.59 27.91 6.68 6.17 22.98 
5 6.28 30.13 34.22 26.11 8.11 6.24 22.67 
6 7.64 28.90 33.22 25.62 7.60 7.13 23.35 
7 9.04 27.43 32.84 22.52 10.33 6.40 23.34 
8 10.73 25.59 30.23 20.68 9.55 5.19 18.47 
9 12.05 24.15 28.89 19.46 9.43 4.65 17.90 

10 13.06 22.53 27.02 18.23 8.78 5.19 18.68 
11 13.78 22.24 26.46 18.15 8.32 5.44 17.55 
12 15.05 20.72 25.30 17.19 8.11 4.73 15.90 
13 16.21 19.65 23.32 16.55 6.78 4.54 14.98 
14 17.39 18.51 22.09 15.53 6.56 4.60 11.57 
15 18.07 17.46 21.15 14.23 6.93 4.04 14.05 
16 18.82 16.21 19.95 12.72 7.24 3.12 14.86 
17 19.94 15.33 18.56 12.05 6.51 3.20 12.29 
18 21.03 13.42 17.03 10.13 6.90 2.59 10.33 
19 22.61 12.16 15.83 9.32 6.51 1.97 9.77 
20 23.74 11.36 14.92 8.74 6.18 2.00 9.41 
21 25.09 10.62 13.92 8.11 5.81 1.28 8.01 
22 27.10 9.12 12.13 6.70 5.43 1.13 10.26 
23 28.68 8.04 10.75 6.20 4.55 1.16 12.03 
24 29.89 7.19 9.37 5.73 3.64 1.28 12.23 
25 32.15 6.01 7.25 5.00 2.25 1.37 13.60 
26 33.85 5.30 6.28 4.50 1.79 1.38 13.77 
27 36.45 4.37 5.02 3.85 1.17 1.23 14.38 
28 38.61 3.88 4.36 3.41 0.96 1.01 13.91 
29 42.39 2.82 3.31 2.41 0.90 0.74 12.07 
30 44.08 2.49 2.92 2.14 0.78 0.62 11.30 
31 45.72 2.16 2.44 1.90 0.54 0.58 10.28 
32 47.00 1.98 2.21 1.75 0.46 0.49 9.43 
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Table A-2.  Baseline Salinity Summary (Dry Season) 

Average of Average of Average of 
Daily Daily Daily 99.9th 

Location River Average Maximum Minimum Fluctuation Average Percentile 
No. Miles Salinity Salinity Salinity in Salinity Delta-S Delta-S 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
                

33 49.86 1.55 1.78 1.34 0.44 0.40 7.06 
34 52.94 1.18 1.37 1.01 0.36 0.26 5.28 
35 55.27 1.01 1.15 0.88 0.27 0.20 4.01 
36 58.00 0.77 0.90 0.65 0.25 0.07 2.96 
37 60.22 0.61 0.69 0.55 0.14 0.01 1.27 
38 64.00 0.48 0.51 0.46 0.05 0.00 0.37 
39 67.62 0.45 0.46 0.44 0.02 0.00 0.02 
40 70.88 0.44 0.45 0.44 0.01 0.00 0.00 
41 74.95 0.45 0.46 0.44 0.01 0.00 0.00 
42 78.94 0.45 0.46 0.45 0.01 0.00 0.03 
43 83.93 0.46 0.47 0.45 0.02 0.00 0.00 
44 86.45 0.46 0.47 0.45 0.02 0.00 0.11 
45 89.84 0.47 0.48 0.46 0.02 0.00 0.00 
46 92.96 0.47 0.49 0.46 0.02 0.00 0.00 
47 100.79 0.48 0.51 0.45 0.06 0.00 0.01 
48 107.40 0.58 0.59 0.56 0.02 0.00 0.04 
49 115.70 0.57 0.58 0.57 0.01 0.00 0.06 
50 122.24 0.55 0.56 0.55 0.01 0.00 0.12 

51 19.26 14.72 17.90 11.66 6.24 1.73 6.10 
52 25.38 8.24 9.51 7.45 2.06 0.55 8.85 
53 27.07 8.29 10.03 6.83 3.20 0.47 6.77 
54 30.43 5.84 6.30 5.45 0.84 0.23 5.12 
55 30.84 5.80 7.11 4.65 2.46 0.18 6.86 
56 31.63 5.69 5.99 5.43 0.56 0.29 5.76 
57 33.87 4.70 4.90 4.52 0.38 0.11 4.07 
58 36.00 3.97 4.40 3.56 0.84 0.44 9.74 
59 38.00 3.44 3.67 3.16 0.51 0.17 4.37 
60 40.81 2.82 3.16 2.48 0.68 0.14 5.88 
61 43.04 2.51 2.90 2.11 0.79 0.25 8.60 
62 46.44 1.85 1.94 1.76 0.18 0.11 3.12 
63 49.91 1.41 1.48 1.32 0.16 0.11 2.68 
64 54.56 0.87 0.95 0.79 0.16 0.04 1.44 
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Table A-2.  Baseline Salinity Summary (Dry Season) 

Average of Average of Average of 
Daily Daily Daily 99.9th 

Location River Average Maximum Minimum Fluctuation Average Percentile 
No. Miles Salinity Salinity Salinity in Salinity Delta-S Delta-S 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 
                

65 58.00 0.68 0.76 0.62 0.14 0.02 1.35 
66 63.25 0.46 0.47 0.45 0.02 0.00 0.05 
67 66.51 0.49 0.49 0.48 0.01 0.00 0.08 
68 70.31 0.44 0.44 0.43 0.01 0.00 0.00 
69 74.51 0.43 0.43 0.42 0.01 0.00 0.02 
70 78.00 0.45 0.46 0.45 0.01 0.00 0.00 

71 10.63 23.69 29.03 19.57 9.46 3.92 17.91 
72 49.90 1.50 1.72 1.29 0.42 0.25 5.99 
73 71.39 0.45 0.45 0.44 0.01 0.00 0.00 
74 26.66 28.05 25.21 2.84 5.10 15.65 
75 21.40 22.12 20.52 1.60 0.11 5.52 
76 17.39 18.09 16.62 1.47 1.83 14.00 
77 17.05 18.10 16.02 2.08 2.13 17.27 
78 14.93 15.57 14.33 1.24 1.85 15.39 
79 12.44 13.05 11.90 1.15 0.95 13.65 
80 27.00 7.25 7.76 6.69 1.07 1.35 16.85 
81 6.60 7.03 6.17 0.86 1.79 19.72 
82 5.74 5.92 5.56 0.36 1.13 11.15 
83 2.92 2.96 2.87 0.09 0.32 6.60 
84 0.36 0.38 0.33 0.05 0.00 0.00 
85 0.29 0.29 0.29 0.00 0.00 0.06 
86 21.59 23.62 20.12 3.50 0.20 7.60 
87 19.24 16.10 19.38 12.63 6.74 2.87 12.65 
88 21.06 21.89 20.17 1.72 0.14 6.25 
89 75.41 0.42 0.43 0.41 0.02 0.00 0.02 
                

 
Source:  ECT, 2008. 
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Table B-1.  Salinity Impacts Summary (Annual) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

1 0.00 33.66 4.36 0.06 0.03 0.00 0.01 0.18 0.02 0.03 0.05 
2 2.00 31.79 7.19 0.12 0.10 0.11 0.36 0.38 0.03 0.05 0.10 
3 3.51 30.61 9.66 0.17 0.13 0.12 0.39 0.41 0.03 0.06 0.11 
4 4.93 29.68 8.94 0.19 0.15 0.14 0.40 0.43 0.05 0.07 0.16 
5 6.28 27.91 10.70 0.26 0.19 0.20 0.62 0.66 0.05 0.09 0.19 
6 7.64 26.42 9.72 0.30 0.22 0.27 0.85 0.89 0.08 0.14 0.28 
7 9.04 24.49 13.20 0.36 0.24 0.33 1.04 1.08 0.10 0.16 0.33 
8 10.73 22.20 11.72 0.42 0.27 0.52 1.47 1.51 0.14 0.23 0.46 
9 12.05 20.33 11.60 0.48 0.31 0.50 1.51 1.55 0.15 0.24 0.50 

10 13.06 18.34 10.60 0.54 0.33 0.55 1.73 1.77 0.14 0.23 0.46 
11 13.78 17.99 9.92 0.55 0.36 0.53 1.75 1.79 0.14 0.24 0.49 
12 15.05 16.14 9.35 0.60 0.40 0.50 1.81 1.84 0.13 0.22 0.44 
13 16.21 14.87 7.58 0.63 0.48 0.50 1.85 1.88 0.12 0.21 0.43 
14 17.39 13.60 7.05 0.65 0.57 0.48 2.01 2.04 0.11 0.19 0.39 
15 18.07 12.51 7.05 0.67 0.68 0.44 2.20 2.23 0.11 0.18 0.36 
16 18.82 11.22 7.02 0.69 0.59 0.39 2.09 2.11 0.10 0.17 0.35 
17 19.94 10.37 6.04 0.70 0.66 0.35 1.97 2.00 0.10 0.17 0.35 
18 21.03 8.67 5.99 0.70 0.58 0.29 1.87 1.90 0.10 0.16 0.34 
19 22.61 7.60 5.41 0.69 0.56 0.25 1.83 1.84 0.10 0.16 0.35 
20 23.74 6.95 4.98 0.69 0.51 0.22 1.71 1.72 0.10 0.17 0.35 
21 25.09 6.36 4.51 0.68 0.47 0.21 1.43 1.45 0.11 0.19 0.39 
22 27.10 5.22 3.95 0.65 0.41 0.17 1.22 1.23 0.10 0.17 0.37 
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Table B-1.  Salinity Impacts Summary (Annual) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

23 28.68 4.41 3.17 0.63 0.37 0.15 1.06 1.08 0.09 0.16 0.34 
24 29.89 3.81 2.43 0.61 0.34 0.12 0.93 0.93 0.09 0.15 0.33 
25 32.15 3.03 1.40 0.56 0.29 0.09 0.71 0.71 0.08 0.14 0.30 
26 33.85 2.57 1.07 0.53 0.26 0.07 0.58 0.58 0.07 0.13 0.29 
27 36.45 2.02 0.65 0.48 0.22 0.06 0.44 0.44 0.06 0.11 0.25 
28 38.61 1.74 0.52 0.45 0.20 0.05 0.36 0.36 0.06 0.10 0.23 
29 42.39 1.23 0.40 0.36 0.14 0.03 0.22 0.22 0.04 0.08 0.17 
30 44.08 1.09 0.33 0.33 0.12 0.02 0.18 0.18 0.03 0.06 0.15 
31 45.72 0.96 0.22 0.29 0.11 0.02 0.13 0.13 0.03 0.05 0.12 
32 47.00 0.89 0.18 0.27 0.10 0.01 0.11 0.11 0.03 0.05 0.11 
33 49.86 0.74 0.15 0.23 0.08 0.01 0.08 0.08 0.02 0.04 0.09 
34 52.94 0.63 0.12 0.19 0.06 0.01 0.05 0.05 0.02 0.03 0.07 
35 55.27 0.58 0.09 0.17 0.05 0.00 0.04 0.04 0.01 0.03 0.06 
36 58.00 0.51 0.08 0.14 0.04 0.00 0.03 0.03 0.01 0.02 0.05 
37 60.22 0.46 0.04 0.11 0.03 0.00 0.02 0.02 0.01 0.01 0.03 
38 64.00 0.42 0.02 0.06 0.01 0.00 0.01 0.00 0.00 0.00 0.01 
39 67.62 0.41 0.01 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
40 70.88 0.41 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
41 74.95 0.41 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
42 78.94 0.41 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
43 83.93 0.42 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table B-1.  Salinity Impacts Summary (Annual) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

44 86.45 0.42 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
45 89.84 0.43 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
46 92.96 0.43 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
47 100.79 0.44 0.06 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
48 107.40 0.51 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
49 115.70 0.48 0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
50 122.24 0.46 0.01 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

51 19.26 9.80 5.68 0.70 0.43 0.34 1.56 1.59 0.11 0.19 0.39 
52 25.38 4.61 1.47 0.63 0.39 0.15 1.05 1.06 0.12 0.20 0.43 
53 27.07 4.58 2.31 0.63 0.39 0.15 1.07 1.08 0.11 0.19 0.41 
54 30.43 2.98 0.51 0.54 0.24 0.09 0.69 0.70 0.07 0.13 0.29 
55 30.84 2.93 1.48 0.56 0.28 0.09 0.70 0.71 0.09 0.15 0.33 
56 31.63 2.86 0.33 0.54 0.26 0.09 0.66 0.67 0.07 0.13 0.28 
57 33.87 2.27 0.20 0.49 0.22 0.07 0.51 0.52 0.06 0.11 0.25 
58 36.00 1.88 0.43 0.46 0.20 0.05 0.41 0.41 0.06 0.11 0.24 
59 38.00 1.59 0.26 0.42 0.18 0.04 0.33 0.33 0.05 0.09 0.21 
60 40.81 1.25 0.32 0.37 0.19 0.03 0.24 0.24 0.05 0.08 0.18 
61 43.04 1.11 0.32 0.33 0.13 0.02 0.19 0.19 0.04 0.06 0.15 
62 46.44 0.85 0.07 0.27 0.09 0.01 0.12 0.12 0.03 0.05 0.11 
63 49.91 0.70 0.06 0.22 0.07 0.01 0.07 0.07 0.02 0.03 0.08 
64 54.56 0.53 0.06 0.15 0.05 0.00 0.03 0.03 0.01 0.02 0.05 
65 58.00 0.49 0.04 0.13 0.04 0.00 0.02 0.02 0.01 0.02 0.04 
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Table B-1.  Salinity Impacts Summary (Annual) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

66 63.25 0.41 0.02 0.06 0.01 0.00 0.01 0.01 0.00 0.00 0.01 
67 66.51 0.45 0.01 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
68 70.31 0.40 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
69 74.51 0.39 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
70 78.00 0.41 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

71 10.63 19.66 11.46 0.51 0.29 0.32 1.00 1.04 0.13 0.21 0.43 
72 49.90 0.73 0.15 0.22 0.07 0.01 0.07 0.07 0.02 0.04 0.09 
73 71.39 0.41 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
74 23.22 3.79 0.42 0.26 0.12 0.51 0.56 0.11 0.18 0.37 
75 16.16 1.99 0.66 0.41 0.38 1.24 1.28 0.09 0.14 0.30 
76 12.41 1.48 0.67 0.33 0.40 1.36 1.39 0.12 0.19 0.41 
77 12.24 2.00 0.62 0.49 0.39 1.48 1.51 0.16 0.26 0.52 
78 10.16 1.14 0.65 0.26 0.29 1.18 1.20 0.16 0.27 0.56 
79 8.22 0.98 0.54 0.21 0.23 0.88 0.90 0.22 0.37 0.77 
80 27.00 3.87 0.78 0.58 0.36 0.13 0.94 0.95 0.13 0.22 0.48 
81 3.43 0.57 0.52 0.34 0.12 0.84 0.85 0.15 0.27 0.56 
82 2.75 0.23 0.45 0.30 0.10 0.68 0.69 0.18 0.31 0.64 
83 1.63 0.06 0.41 0.17 0.04 0.32 0.32 0.05 0.10 0.22 
84 0.30 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
85 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table B-1.  Salinity Impacts Summary (Annual) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

86 16.72 3.72 0.62 0.38 0.35 1.16 1.20 0.13 0.23 0.47 
87 19.24 11.11 6.42 0.69 0.67 0.38 1.71 1.74 0.10 0.18 0.36 
88 16.16 2.13 0.62 0.58 0.37 1.21 1.25 0.13 0.22 0.45 
89 75.41 0.39 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
                              

 
Source:  ECT, 2008. 
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Table B-2.  Salinity Impacts Summary (Dry Season) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

1 0.00 34.14 3.16 0.07 0.03 0.01 0.03 0.12 0.01 0.02 0.04 
2 2.00 32.86 5.21 0.14 0.09 0.09 0.25 0.25 0.02 0.03 0.07 
3 3.51 32.12 6.96 0.19 0.13 0.09 0.27 0.28 0.02 0.03 0.07 
4 4.93 31.34 6.68 0.22 0.15 0.11 0.29 0.31 0.03 0.04 0.10 
5 6.28 30.13 8.11 0.30 0.20 0.14 0.42 0.44 0.03 0.05 0.11 
6 7.64 28.90 7.60 0.35 0.23 0.19 0.59 0.61 0.05 0.08 0.17 
7 9.04 27.43 10.33 0.43 0.27 0.25 0.75 0.77 0.06 0.10 0.21 
8 10.73 25.59 9.55 0.51 0.31 0.38 1.08 1.10 0.09 0.14 0.29 
9 12.05 24.15 9.43 0.58 0.35 0.38 1.14 1.16 0.09 0.15 0.31 

10 13.06 22.53 8.78 0.67 0.39 0.44 1.36 1.38 0.08 0.13 0.27 
11 13.78 22.24 8.32 0.67 0.41 0.42 1.39 1.41 0.09 0.14 0.29 
12 15.05 20.72 8.11 0.74 0.48 0.41 1.47 1.49 0.08 0.12 0.25 
13 16.21 19.65 6.78 0.79 0.56 0.43 1.53 1.56 0.07 0.11 0.24 
14 17.39 18.51 6.56 0.83 0.68 0.42 1.71 1.74 0.06 0.10 0.20 
15 18.07 17.46 6.93 0.87 0.80 0.40 1.92 1.94 0.06 0.09 0.19 
16 18.82 16.21 7.24 0.92 0.73 0.38 1.93 1.95 0.06 0.09 0.20 
17 19.94 15.33 6.51 0.94 0.82 0.35 1.90 1.92 0.06 0.10 0.20 
18 21.03 13.42 6.90 0.97 0.76 0.31 1.96 1.97 0.07 0.11 0.23 
19 22.61 12.16 6.51 0.99 0.75 0.28 2.02 2.04 0.08 0.12 0.26 
20 23.74 11.36 6.18 0.99 0.71 0.27 1.96 1.97 0.08 0.14 0.29 
21 25.09 10.62 5.81 0.99 0.67 0.25 1.70 1.71 0.10 0.17 0.35 
22 27.10 9.12 5.43 0.98 0.61 0.22 1.54 1.56 0.10 0.17 0.36 
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Table B-2.  Salinity Impacts Summary (Dry Season) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

23 28.68 8.04 4.55 0.96 0.57 0.20 1.43 1.44 0.10 0.17 0.35 
24 29.89 7.19 3.64 0.94 0.53 0.18 1.30 1.31 0.10 0.17 0.36 
25 32.15 6.01 2.25 0.89 0.48 0.15 1.06 1.07 0.09 0.16 0.35 
26 33.85 5.30 1.79 0.86 0.45 0.13 0.90 0.91 0.09 0.16 0.35 
27 36.45 4.37 1.17 0.81 0.41 0.10 0.74 0.74 0.09 0.16 0.33 
28 38.61 3.88 0.96 0.78 0.38 0.09 0.66 0.65 0.09 0.15 0.32 
29 42.39 2.82 0.90 0.69 0.31 0.06 0.48 0.48 0.07 0.13 0.28 
30 44.08 2.49 0.78 0.65 0.28 0.05 0.40 0.40 0.07 0.12 0.26 
31 45.72 2.16 0.54 0.61 0.26 0.04 0.33 0.33 0.06 0.11 0.24 
32 47.00 1.98 0.46 0.59 0.25 0.04 0.29 0.29 0.06 0.11 0.24 
33 49.86 1.55 0.44 0.53 0.22 0.03 0.23 0.22 0.05 0.10 0.23 
34 52.94 1.18 0.36 0.46 0.18 0.02 0.16 0.16 0.05 0.09 0.19 
35 55.27 1.01 0.27 0.42 0.16 0.01 0.13 0.13 0.04 0.08 0.18 
36 58.00 0.77 0.25 0.33 0.12 0.01 0.09 0.09 0.03 0.06 0.15 
37 60.22 0.61 0.14 0.25 0.08 0.01 0.05 0.05 0.02 0.04 0.10 
38 64.00 0.48 0.05 0.11 0.03 0.00 0.02 0.02 0.00 0.01 0.03 
39 67.62 0.45 0.02 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
40 70.88 0.44 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 -0.01 
41 74.95 0.45 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 -0.01 
42 78.94 0.45 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
43 83.93 0.46 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
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Table B-2.  Salinity Impacts Summary (Dry Season) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

44 86.45 0.46 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
45 89.84 0.47 0.02 0.05 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
46 92.96 0.47 0.02 0.05 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
47 100.79 0.48 0.06 0.05 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
48 107.40 0.58 0.02 0.04 0.00 0.00 0.00 0.00 0.00 -0.01 -0.01 
49 115.70 0.57 0.01 0.05 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
50 122.24 0.55 0.01 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

51 19.26 14.72 6.24 0.95 0.58 0.35 1.56 1.59 0.08 0.13 0.26 
52 25.38 8.24 2.06 0.95 0.58 0.21 1.41 1.42 0.13 0.22 0.45 
53 27.07 8.29 3.20 0.96 0.59 0.20 1.41 1.42 0.13 0.22 0.45 
54 30.43 5.84 0.84 0.86 0.38 0.15 1.05 1.06 0.09 0.16 0.33 
55 30.84 5.80 2.46 0.89 0.47 0.14 1.06 1.07 0.11 0.19 0.40 
56 31.63 5.69 0.56 0.86 0.44 0.14 1.03 1.04 0.09 0.16 0.32 
57 33.87 4.70 0.38 0.80 0.38 0.12 0.86 0.87 0.09 0.15 0.31 
58 36.00 3.97 0.84 0.77 0.37 0.10 0.72 0.72 0.09 0.15 0.32 
59 38.00 3.44 0.51 0.73 0.34 0.09 0.62 0.62 0.08 0.14 0.29 
60 40.81 2.82 0.68 0.68 0.37 0.07 0.51 0.51 0.08 0.14 0.30 
61 43.04 2.51 0.79 0.65 0.28 0.05 0.42 0.42 0.07 0.12 0.26 
62 46.44 1.85 0.18 0.55 0.22 0.04 0.29 0.29 0.06 0.10 0.22 
63 49.91 1.41 0.16 0.48 0.19 0.02 0.21 0.21 0.05 0.09 0.20 
64 54.56 0.87 0.16 0.36 0.13 0.01 0.11 0.11 0.03 0.07 0.15 
65 58.00 0.68 0.14 0.29 0.10 0.01 0.07 0.07 0.03 0.06 0.13 
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Table B-2.  Salinity Impacts Summary (Dry Season) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

66 63.25 0.46 0.02 0.10 0.03 0.00 0.02 0.02 0.00 0.01 0.02 
67 66.51 0.49 0.01 0.06 0.02 0.00 0.01 0.01 0.00 0.00 0.00 
68 70.31 0.44 0.01 0.04 0.02 0.00 0.00 0.00 0.00 0.00 -0.01 
69 74.51 0.43 0.01 0.03 0.03 0.00 0.00 0.00 0.00 0.00 -0.01 
70 78.00 0.45 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 

71 10.63 23.69 9.46 0.62 0.35 0.26 0.81 0.84 0.08 0.13 0.27 
72 49.90 1.50 0.42 0.52 0.21 0.03 0.22 0.22 0.05 0.10 0.22 
73 71.39 0.45 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 -0.01 
74 26.66 2.84 0.49 0.29 0.10 0.39 0.43 0.07 0.10 0.22 
75 21.40 1.60 0.78 0.49 0.32 1.01 1.04 0.07 0.10 0.21 
76 17.39 1.47 0.88 0.45 0.38 1.23 1.26 0.06 0.10 0.23 
77 17.05 2.08 0.80 0.71 0.37 1.36 1.39 0.13 0.21 0.40 
78 14.93 1.24 0.86 0.37 0.30 1.12 1.13 0.13 0.22 0.45 
79 12.44 1.15 0.72 0.29 0.26 0.87 0.88 0.23 0.38 0.78 
80 27.00 7.25 1.07 0.88 0.56 0.19 1.33 1.34 0.15 0.26 0.55 
81 6.60 0.86 0.81 0.54 0.17 1.19 1.20 0.19 0.33 0.68 
82 5.74 0.36 0.71 0.50 0.14 1.01 1.01 0.24 0.40 0.84 
83 2.92 0.09 0.63 0.30 0.08 0.62 0.62 0.09 0.15 0.33 
84 0.36 0.05 0.02 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 
85 0.29 0.00 0.01 0.00 0.00 0.00 0.00 -0.01 -0.01 -0.01 
86 21.59 3.50 0.76 0.47 0.29 0.93 0.96 0.10 0.16 0.33 
87 19.24 16.10 6.74 0.92 0.83 0.37 1.61 1.63 0.06 0.10 0.21 
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Table B-2.  Salinity Impacts Summary (Dry Season) 
 

Baseline 

Average 

Baseline Daily Increase in Average Salinity 

Location River Average Fluctuation Wastewater Channel Deepening Sea Level Rise 

No. Miles Salinity in Salinity Withdrawal Reuse (B) (C) (D) Current Medium High 

(ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) (ppt) 

                              

88 21.06 1.72 0.75 0.74 0.30 0.96 0.99 0.10 0.17 0.35 
89 75.41 0.42 0.02 0.03 0.04 0.00 0.00 0.00 0.00 0.00 -0.01 
                              

 
Source:  ECT, 2008. 
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Chapter 4: Modeling Study for middle St. Johns River 

 

Dr. Ki Jin Park1  

1Engineer Scientist, Ph.D., St Johns River Water Management District, Palatka FL 

 

4.1 Introduction 

The hydrologic and hydrodynamic models of the Middle St. Johns River (MSJR) were used to assess the 

impact of stage reduction on sediment resuspension.   Sediment can be carried to and deposited in 

water bodies such as lakes, rivers, and estuaries by wind, stormwater, and surface runoff, or river flow.   

In lakes, hydrodynamic forcing is mainly by wind-generated waves except during storms when wind-

induced surging plays a role.   Wind-induced forced oscillations (seiching) are usually less important than 

wind generated waves.   In rivers, sediment is transported by short-term high flows, and in such 

circumstances, much of the sediment transport occurs under a high freshwater flow condition (Mehta et 

al, 2004).   A reduction in river flow may cause some suspended sediment to settle out of the water 

column and deposit onto the bed, thus reducing total suspended solids (TSS) concentration in the water 

column.   Decreasing water level in a lake could increase sediment resuspension to the water column.   

Alterations to sediment resuspension in the Middle St. Johns River (MSJR) by water withdrawals is 

explained by a combination of these mechanisms.    

To understand overall water level changes along the St. Johns River due to possible water withdrawals, a 

combined LSJR/Lake George/MSJR hydrodynamic model was used to estimate reductions in stage 

throughout the system.  

4.2 Hydrodynamic and Sediment Transport Modeling of the Middle St. Johns 

River 

MODEL DESCRIPTION 

The St. Johns River Water Management District (SJRWMD) conducted a hydrodynamic and sediment 

transport modeling study to evaluate the effects of freshwater withdrawal on sediment transport in the 

MSJR.  A three-dimensional hydrodynamics model (CH3D) and associated sediment transport model 

CH3D-SED3D (Sheng et al., 2001) were used for numerical simulations in this study.   The hydrodynamics 

model (CH3D) simulates circulation due to wind, tide, waves, and density gradients.   The sediment 

transport model simulates the transport, mixing, deposition, and resuspension of both fine and coarse-

grained sediments.   The sediment model includes resuspension of sediments by both mean currents 

and wind-waves. 
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The model domain covers the MSJR from Lake Harney (near Geneva) to upstream of Lake George near 

Astor (Figure 4.1).   The model grid (Figure 4.2) contains 5,817 water cells with four vertical layers.     

Horizontal grid spacing ranges from 32 – 399 meters.   All bathymetric and water level data were 

converted to NAVD88 to unify a vertical datum level. 

Water level and flow data are available from 14 stations located in the MSJR and Lake George basins 

(Figure 4.3).   Suspended sediment concentrations were measured at 31 locations as part of the St. 

Johns River Water Quality Monitoring Network (SJRWQMN), (Figure 4.4).    Due to availability of 

measured data for model boundary conditions and calibration, January 1 through December 31, 2005 

(365 days), was chosen as the simulation period. 

The downstream boundary condition was specified upstream of Lake George near Astor (US 40) using 

hourly water level obtained from a USGS station (USGS02236125).   Discharge and runoff boundary 

conditions were also imposed using discharge and spring data from USGS and SJRWMD stations, 

respectively.   Fifteen stations were used for supplying the inflow boundary conditions to the model 

(Figure 4.5). 

The surface wind boundary condition was supplied using hourly wind speed and direction collected at 

three stations located at Daytona Beach, Orlando, and Apopka (NOAA sites located at airport).   The 

hourly wind speeds and directions were converted into x-(East/West) and y-(North/South) velocity 

components (Garrat, 1977).   These values were interpolated onto the entire computational grid, with a 

weighting function inversely proportional to the square of distances. 

Observed TSS from SJRWQMN was used for boundary conditions at the same down stream locations as 

the discharge and runoff boundary conditions shown in figure 4.5.   Bottom sediment types were 

specified for each water body, which are three major lakes (Lakes Harney, Monroe, and Jessup) and 

connecting river channels.  The sediment model parameters were calibrated for sediment resuspension 

according to this bottom sediment type. 
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Figure 4.1.  Map of Middle St. Johns River study area. 
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Figure 4.2. Boundary-fitted grid (208x364) used for numerical simulation for MSJR. 
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Figure 4.3. Locations of USGS water level and discharge measurement stations. 
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Figure 4.4. Locations of SJR Water Quality Monitoring Network stations. 
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Figure 4.5. Locations of boundary conditions for MSJR model simulation. 
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MODEL CALIBRATION 

The hydrodynamic model calibration described below compares simulated water level and discharge 

against field measurements.  During the calibration process, a few model coefficients and the cross 

sectional area of the model domain (bathymetry and topography of the model grid) were adjusted to 

allow accurate simulation of observed data.  The six USGS stations used for calibration of water level and 

discharge are shown in Figure 4.6.  

Figure 4.7 ~ 4.12 shows the comparison between measured and simulated water level at six stations.  

The results show a good agreement between data and model results for both amplitude and phase, 

except for an overprediction of water level during the extreme high flow conditions in October 2005.  

Since the hydrodynamic model does not presently include the flood plain, the model cannot account for 

increased storage during high flow periods and thus overpredicts water level during October 2005.  The 

Flood plain allow expansion into additional storage areas and decrease flow due to frictional resistance 

in shallow and vegetated areas.  Because the model lacks a flood plain, it overpredicts discharge during 

the high flow.  The simulated and measured flows are shown in Figure 4.13~4.17.   

Calculated RMS errors between simulated and measured water level and flow are shown in Table 4.1 for 

both the entire 12-month period and for a 9-month period that excludes the high flow period when 

flood plain storage influences water level and flow.   Because of the absence of the flood plain in the 

model, RMS errors are improved for the 9-month period of January –September compared with the full 

year because the 9-month period does not include times when the river inundated the flood plain.    The 

higher RMS error for water level at Blue Spring (02235500) can be attributed to the relatively close 

proximity to marsh areas and shallow water depths.  

 

Table 4.1.  Calculated RMS errors between simulated and measured water level and flow for calibration 

period of 2005.  

  
Period 
(2005) 

USGS Station ID 

02234010 02234435 02234440 02234500 02235500 02236000 

Water 

Level (cm) 

Jan – Dec 13.8 8.9 8.5 9.8 9.8 6.7 

Jan  – Sep 6.7 5.4 4.7 5.1 9.3 6.4 

Flow 

(m3/s) 

Jan  – Dec 11.1 9.5 50.6 13.9  15.2 

Jan  – Sep 9.4 9.6 15.9 11.5  12.8 

 

The sediment transport model was calibrated following the hydrodynamic model calibration.   For 2005 

simulations, there were 11 stations sampled monthly for water quality data by SJRWMD.   The locations 
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of measurement sites are shown in Figure 4.18.   Because of the dynamic nature of sediment 

resuspension processes, direct comparison between simulated and observed TSS requires that observed 

values have high temporal resolution.  Since the observed TSS data are limited to monthly sampling 

intervals, the distributions between measured and simulated TSS concentration were compared for Lake 

Harney, Lake Jessup, Lake Monroe, and the river channel areas in Figures 4.19 – 4.22, respectively.   The 

distribution of TSS concentrations shown in the figures represents the characteristics of TSS within each 

system.   The model results show good matches with those for measured data. 
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Figure 4.6. Locations of available measured water level and flow for 2005 model calibration. 
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Figure 4.7. Comparison between simulated and measured hourly water level at USGS 02234010. 
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Figure 4.8. Comparison between simulated and measured hourly water level at USGS 02234435. 
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Figure 4.9. Comparison between simulated and measured hourly water level at USGS 02234440. 
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Figure 4.10. Comparison between simulated and measured hourly water level at USGS 02234500. 
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Figure 4.11. Comparison between simulated and measured hourly water level at USGS 02235500. 
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Figure 4.12. Comparison between simulated and measured hourly water level at USGS 02236000. 
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Figure 4.13. Comparison between simulated and measured daily discharge at USGS 02234010. 
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Figure 4.14. Comparison between simulated and measured daily discharge at USGS 02234435. 
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Figure 4.15. Comparison between simulated and measured daily discharge at USGS 02234440. 
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Figure 4.16. Comparison between simulated and measured daily discharge at USGS 02234500. 
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Figure 4.17. Comparison between simulated and measured daily discharge at USGS 02236000. 
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Figure 4.18. Locations of available measured TSS stations for 2005 model calibration. 
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Figure 4.8.  Distribution of measured and simulated TSS concentrations for Lake Harney. 

 

Figure 4.20. Distribution of measured and simulated TSS concentrations for Lake Jessup. 
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Figure 4.9. Distribution of measured and simulated TSS concentrations for Lake Monroe. 

 

 

Figure 4.22. Distribution of measured and simulated TSS concentrations for channel along the MSJR. 
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STUDY DESIGN TO ASSESS AWS WITHDRAWALS 

The AWS withdrawal scenarios used in this modeling effort were derived from a review of The SJRWMD 

Water Supply Plan 2005 (SJRWMD, 2008).  Five withdrawal points and three different withdrawal 

combinations were evaluated (Figure 4.23).  The scenarios base flow reductions only on new 

withdrawals, and not on possible diversion of existing waste treatment discharges for re-use.  The total 

withdrawal of 155 MGD for each scenario follows Robison (2004).   The baseline simulation and three 

scenarios defined in Table4.2 were simulated to evaluate the impact of water withdrawal on water level, 

flow, and TSS concentration in MSJR.    

 

Table 4.2. Water withdrawals at selected locations used to define withdrawal scenarios (unit: MGD). 

location  Scenario 1  Scenario 2  Scenario 3  

Harney  50  50  31  

Osteen  6  33  31  

Monroe  7  33  31  

Yankee Lake 86  33  31  

Deland  6  6  31  

Total (MGD)  155  155  155  

 

The water levels for each scenario are compared with those for the baseline simulation at Osceola, SR 

415, and Deland in Figures 4.24 – 4.26, respectively.  Water level differences were less than 4 cm for all 

locations and scenarios.  Figures 4.27 – 4.29 show flow differences between the baseline and three 

scenario simulations at three locations.   The flow differences varied from 1.3 – 6.7 m3/s according to 

location and withdrawal scenario.   The suspended sediment concentration for the baseline and each 

scenario are compared in Figures  4.30 – 4.32 for Lake Harney, Lake Jessup and Lake Monroe, 

respectively.  The results show that the difference of TSS between baseline and water withdrawal 

scenarios is negligible when compared with TSS variation.   
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Figure 4.23.  Possible AWS water withdrawal locations. 
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Figure 4.24. Comparison of water level for baseline and Scenarios 1 – 3 at Osceola (USGS02234010). 
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Figure 4.25. Comparison of water level for baseline and Scenarios 1 – 3 at SR 415 (USGS02234440). 
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Figure 4.26. Comparison of water level for baseline and Scenarios 1 – 3 at DeLand (USGS02236000). 
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Figure 4.27. Comparison of flow rate for baseline and Scenarios 1 – 3 at Osceola (USGS02234010). 
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Figure 4.28. Comparison of flow rate for baseline and Scenarios 1 – 3 at SR 415 (USGS02234440). 
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Figure 4.29. Comparison of flow rate for baseline and Scenarios 1 – 3 at DeLand (USGS02236000). 

Year

S
im

u
la

te
d

F
lo

w
R

a
te

(m
3

/s
)

2005 2005.2 2005.4 2005.6 2005.8 2006
-50

0

50

100

150

200

250

300

baseline

scenario 1

scenario 2

scenario 3



Phase I AWS Engineering DRAFT 15 December, 2008 

  Page 
33 

 
  

 

Figure 4.30. Comparison of TSS concentration for baseline and Scenarios 1 – 3 for Lake Harney. 
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Figure 4.31. Comparison of TSS concentration for baseline and Scenarios 1 – 3 for Lake Jessup. 
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Figure 4.32. Comparison of TSS concentration for baseline and Scenarios 1 – 3 for Lake Monroe. 
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4.3 Hydrodynamic Modeling of Combined Lower and Middle St. Johns River  

 

MODEL DESCRIPTION AND CALIBRATION 

The MSJR hydrodynamic model described above specifies water level at Astor (Figure 4.5) as the 

downstream boundary condition.  Since water withdrawals, both upstream and downstream of this 

location, will affect water level at Astor, the water level boundary was moved to the open sea, so that 

predictions of water level changes throughout the system due to water withdrawals could be made.   

The placement of the water level boundary at the ocean required the MSJR grid (209x356) be combined 

with the LSJR/Lake George Grid (121x259).    The combined Lower-Middle SJR model grid (Figure 4.33) 

contains 305 X 613 horizontal cells and 4 vertical layers.  The EFDC hydrodynamic model input files 

representing ocean tide and river discharge were converted to CH3D model input files for the Lower St. 

Johns River area in the combined grid.    

After combining these two calibrated model, the water level and flows simulated with the combined 

model were similar to those simulated by the original MSJR model.   At the screening level, this 

combined model was used for AWS scenario study.  The detailed combined model calibration will be 

executed in the phase II AWS study after including flood plain and additional modifications to the MSJR 

model.  

WATER LEVEL CHANGE DUE TO AWS WITHDRAWAL 

The water levels for each of the previously described scenarios (Table 4.2) were compared with the 

baseline simulation at five locations (Figure 4.33).   Figures 4.34 – 4.38 show the time series of water 

level for all scenarios and baseline results.  The distribution of water level differences at each station is 

plotted in Figures 4.39 – 4.43.   The greatest decrease in water level was 4.3 cm at Osceola for Scenario 

2.  Water levels decrease less than 1.5 cm in the LSJR downstream of Buffalo Bluff.   Water level at Astor 

(coincident with the MSJR water level boundary) had a maximum decrease of 1.2 cm and average 

decrease of 0.7 cm. 

To understand overall water level changes along the St. Johns River, the maximum and average water 

level change between the baseline and Scenario 1 are plotted in Figure 4.44.   The results shown in 

Figure 4.44 include a water withdrawal of 107 MGD from the Ocklawaha River in addition to the 155 

MGD withdrawal previously defined by Scenario 1 for the MSJR.  The greatest decrease in water level 

occurs in the upper portions of the MSJR, above river kilometer 250.   Water level differences generally 

decrease along the river from upstream to downstream except near the Ocklawaha River because of the 

additional water withdrawal from that basin.  
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Figure 4.33. The bathymetry and computational grid for SJR with five locations used for comparison of 

water level changes due to water withdrawals. 
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Figure 4.34. Comparison of water level for baseline and Scenarios 1 – 3 at Osceola (USGS02234010) for 

combined grid. 
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Figure 4.35. Comparison of water level for baseline and Scenarios 1 – 3 at Sanford (USGS0234500) for 

combined grid. 
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Figure 4.36. Comparison of water level for baseline and Scenarios 1 – 3 at Blue Spring (USGS02236000) 

for combined grid. 
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Figure 4.37. Comparison of water level for baseline and Scenarios 1 – 3 at Astor (USGS02236125) for 

combined grid. 
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Figure 4.38. Comparison of water level for baseline and Scenarios 1 – 3 at Buffalo Bluff (USGS02244040) 

for combined grid. 
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Figure 4.39. Distributions of water level differences between baseline and Scenarios 1 – 3 at Osceola 

(USGS02234010) for combined grid. 
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Figure 4.40. Distributions of water level differences between baseline and Scenarios 1 – 3 at Sanford 

(USGS02234500) for combined grid. 
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Figure 4.41. Distributions of water level differences between baseline and Scenarios 1 – 3 at Blue Spring 

(USGS02236000) for combined grid. 
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Figure 4.42. Distributions of water level differences between baseline and Scenarios 1 – 3 at Astor 

(USGS02236125) for combined grid. 
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Figure 4.43. Distributions of water level differences between baseline and Scenarios 1 – 3 at Buffalo 

Bluff (USGS02244040) for combined grid. 
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Figure 4.44. The maximum and average water level difference between baseline and scenario study 

along the St. Johns River.  A positive difference represents a decline in water level compared with the 

baseline. 
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4.4 Conclusions 

The hydrodynamic model of the MSJR was successfully calibrated for water level and discharge to assess 

the impact of stage reduction on sediment resuspension.   The sediment transport model was calibrated 

to match the distribution of TSS concentrations in major lakes and the river channel.   Results show that 

the TSS change is negligible because the water level decrease is small.  In addition, the effect of flow 

reduction will decrease TSS resuspension.   Therefore, we recommend no further study of sediment 

resuspension for the cumulative impact study.  

The maximum and average water level changes due to proposed withdrawals were simulated.  Water 

level differences generally decrease along the river from upstream to downstream.  The maximum 

water level difference was 4.3 cm at Osceola (MSJR) and water levels difference were less than 1.5 cm in 

the LSJR downstream of Buffalo Bluff.     

For future study, the hydrodynamic model of the MSJR will be expanded to include the adjacent flood 

plain to improve simulation of water level and discharge. 
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EXECUTIVE SUMMARY 

As part of the St. Johns River Water Management District (District)’s screening level 

analysis to examine the cumulative effects of potential surface-water withdrawals in the St. Johns 

River (SJR) and Lower Ocklawaha River (LOR) basins, the investigation described in this report 

evaluated the increases in groundwater discharge and chloride flux that will occur relative to 

decreases in river stage associated with the potential surface-water withdrawals.  The investiga-

tion was aimed at assessing the hydraulic connection between the groundwater system and the 

LOR and SJR and evaluating the impact of the potential withdrawal of 262 million gallons per 

day (mgd) on groundwater discharge and chloride flux into the rivers.  Two of the District’s 

existing regional groundwater flow models, the north-central Florida (NCF) and east-central 

Florida (ECF) models, were used to estimate the groundwater discharge and chloride fluxes that 

occur between the groundwater and surface-water systems.  Data obtained from monitoring wells 

and the District’s chloride map were used to represent the chloride concentration in the upper 

Floridan aquifer in the study area. 

Segments were delineated along the LOR and SJR that would be affected by the potential 

surface-water withdrawals, and simulations were performed to estimate the increases in ground-

water discharge and chloride flux that will occur into these segments of the LOR and SJR 

including both diffuse upward leakage and point discharges at major springs.  Also, simulations 

were performed to estimate the base-flow reduction that has occurred in these segments due to 

groundwater pumping in the study area.    

In east-central Florida, chloride concentrations in the upper Floridan aquifer generally 

range from 0 to 250 mg/L in most of the area.  However, chloride concentrations are greater than 

1,000 mg/L along most of the course of the SJR and along the Atlantic Coast from about Cocoa 

northward to St. Augustine.  Similarly, chloride concentrations in the lower Floridan aquifer 

range from less than 250 mg/L in most of the area to more than 5,000 mg/L along the SJR.  

Along the SJR, high chloride water has been measured in wells near the northeast shore of Lake 

Harney, near the southeast shore of Lake George, and near the north shore of Lake Poinsett.  

Upstream from State Highway 50, flow in the SJR during extended dry periods consists of highly 

mineralized water that is derived mostly from upward leakage from the upper Floridan aquifer 

and return flow from irrigated farms.   

To quantify increases in groundwater discharge and chloride flux that potentially will 

occur in response to lowered river stages in the relevant segments of the LOR and SJR, the 

calibrated 1995 river and lake levels and spring discharge heads in the groundwater models were 

assumed to represent an initial condition relative to the potential surface-water withdrawals.  To 

represent the effects of the surface-water withdrawals, the river and lake levels and spring 

discharge heads in the models were lowered in increments of 0.25 ft up to 1.00 ft from the initial 

(1995) condition in the areas under consideration for surface-water withdrawals along the LOR 

and SJR.  The maximum 1.00-ft change in stage, selected to provide a maximum range of 

responses to the potential surface-water withdrawals, is significantly greater than the actual 

decrease in river stage that is anticipated to be on the order of a few tenths of a foot. Each 

lowering of the water levels and discharge heads was considered to represent one scenario, and 

five scenarios representing the five different river stages (including the initial condition) were 

simulated with each groundwater flow model. 
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The results were tabulated separately for each delineated segment.  Net groundwater 

discharge values for each segment were calculated for each scenario by summing the discharge 

and recharge values calculated for each segment.  Spring discharges were included in these 

calculations.  Chloride fluxes between the aquifer and stream segments were calculated by 

multiplying the discharge values of each model cell by the chloride concentration of that cell.  

The chloride flux discharge values for all river, drain, and constant head boundary model cells 

within the study area were summed to calculate the total flux in each segment.  Spring chloride 

fluxes were included in these calculations.   

Water-surface profiles for the selected scenarios for the LOR in the segment from Conner 

to Eureka were created and imposed onto the selected model boundary cells of the NCF regional 

groundwater flow model.  Groundwater discharge and recharge in the LOR from Eureka to 

Conner were simulated for the selected scenarios.  The simulated net discharge into the river 

cells that represent this part of the LOR increases linearly from 3.61 x 10
5
 ft

3
/day for the initial 

condition to 5.50 x 10
5
 ft

3
/day for the 1.00-ft change in river stage.  

Water-surface profiles for the selected scenarios for the SJR were created and imposed 

onto the selected model boundary cells of the NCF regional groundwater flow model for one 

segment from Deland to Astor.  Similarly, water-surface profiles for the selected scenarios for 

the SJR from Melbourne to Deland were created and imposed onto the selected model boundary 

cells of the ECF regional groundwater flow model for seven segments from Deland to Mel-

bourne, namely Deland to Sanford, Lake Monroe, Lake Jesup, Lake Harney, from Lake Harney 

to Christmas, from Christmas to Cocoa, and from Cocoa to Melbourne.  The three largest per-

centage increases in the net groundwater discharge per foot of drawdown in the SJR are in the 

segments from Cocoa to Melbourne (32.94%), Astor to Deland (14.93%), and Christmas to 

Cocoa (14.10%).  The magnitudes of the discharge values that would result from one foot of 

drawdown are greatest in the segments from Deland to Sanford, Astor to Deland, and Lake 

Harney to Christmas.   

The chloride fluxes between the upper Floridan aquifer and the areas of the LOR that will 

be affected by the surface-water withdrawals were calculated by multiplying the discharge values 

of each river boundary cell in the segment between Eureka and Conner by the chloride concen-

tration of that cell.  The simulated chloride flux discharged into the river cells that represent this 

segment of the LOR increases linearly from 267 kg/day for the initial condition to 309 kg/day for 

the 1.00-ft change in river stage.   

The simulated discharge values in the river and drain cells in the NCF model and cor-

responding chloride concentrations were used to calculate the chloride flux into the segment 

along the SJR between Astor and Deland, and the simulated discharge values in the river, con-

stant head, and drain cells in the ECF model and corresponding chloride concentrations were 

used to calculate the chloride fluxes into the seven segments along the SJR between Deland and 

Melbourne.  The three largest percentage increases in the chloride flux per foot of drawdown in 

the SJR are in the segments from Cocoa to Melbourne (33.69%), Astor to Deland (17.82%), and 

Christmas to Cocoa (14.08%).  The magnitudes of the chloride fluxes that would result from one 

foot of drawdown are greatest in the segments from Lake Harney to Christmas, Deland to 

Sanford, and in Lake Harney.   
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Simulations also were performed to estimate the impact that groundwater pumping in the 

study area has had on base flow in the segments of the LOR and SJR that would be affected by 

the potential surface-water withdrawals.  No-pumping scenarios were run for the NCF and ECF 

models, and the resulting increased discharges in the river, lake, and constant-head cells that 

represent the potentially affected segments of the LOR and SJR were compared to the cor-

responding discharges in the calibrated 1995 simulations for these models.  Differences between 

the no-pumping and 1995 discharges were attributed to groundwater pumping in the study area.  

Following this procedure, base-flow reductions due to pumping were calculated for the LOR for 

the segment from Eureka to Connor and for the SJR for the seven segments from Astor to 

Melbourne.  Also, the percentage increase in the net groundwater discharge for each segment 

was calculated.  The impacts that groundwater pumping has had on base flow range from 

approximately 2 percent in the LOR between Conner to Eureka to more than 14 percent into 

Lake Jesup. 
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5.1.0  INTRODUCTION 

5.1.1  BACKGROUND 

Groundwater supplies have reached their sustainable limits or will reach their limits in 

the very near future in large areas of Florida.  Water-supply utilities in these areas are seeking 

alternative sources to meet projected future demands for water supply.  The St. Johns River 

Water Management District (District) is investigating surface waters such as the St. Johns River 

(SJR) and the Lower Ocklawaha River (LOR) as alternative water-supply (AWS) sources.  A 

preliminary evaluation, based on established minimum flows and levels (MFL’s), has indicated 

that about 240 cubic feet per second (cfs) and 165 cfs for a total of 405 cfs (262 million gallons 

per day (mgd)) could be withdrawn from the SJR and the LOR, respectively, without violating 

the established MFL’s (Robison 2004 and Hall 2005).  As part of its responsibility to protect the 

area’s water resources, the District is evaluating the cumulative effects of potential surface-water 

withdrawals on the water resources of the SJR and LOR.  District scientists and outside experts 

are studying possible scenarios and their potential ecological impacts to ensure that the estimated 

withdrawals from SJR and LOR will not have significant adverse effects on these river systems. 

5.1.2  STATEMENT OF THE PROBLEM  

The District has initiated a screening level analysis to examine the potential cumulative 

effects of surface-water withdrawals on the biological and water resources of the LOR and SJR 

basins.  This analysis is being accomplished using available data and model simulation tools.  If 

the evaluation determines that significant adverse impacts will result from the cumulative with-

drawal of 262 mgd from the SJR and LOR under certain stated assumptions (e.g., withdrawal 

schedules), then the District will determine what level of withdrawal reduction from 262 mgd 

will avoid significant adverse impacts to the river systems and will identify measures that could 

avoid or minimize such impacts.   

5.1.3  POTENTIAL IMPACTS ON DISCHARGE AND CHLORIDE FLUX 

Surface-water bodies can both gain or lose water to connected groundwater systems.  

Some streams do both, gaining in some reaches and losing in other reaches.  Surface-water 

withdrawals lower the river stage and increase groundwater discharge into the surface-water 

systems.  Groundwater discharge between the surface-water and groundwater systems can also 

carry dissolved chemicals between the stream and the groundwater below the streambed.  The 

investigation described in this report was aimed at assessing the hydraulic connection between 

the groundwater system and the LOR and SJR and evaluating the potential impact of the pro-

posed withdrawal of 262 mgd on groundwater discharge and chloride flux into the rivers.  

5.1.4  SCOPE OF INVESTIGATION 

This investigation was based on existing geologic, hydrologic, and water-quality data.  

Existing data were organized and evaluated, which included assessing the geologic and hydro-

logic settings of the LOR and SJR and identifying the spatial extent of the aquifer influenced by 

river stage within relevant river segments.  Also, the hydraulic connectivity between the rivers 
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and the underlying groundwater system and the direction of flow across the surface-water and 

groundwater interface was evaluated, along with the spatial distribution of chloride levels in the 

groundwater system. 

As part of the District’s screening level analysis, the investigation described in this report 

evaluated the changes in groundwater discharge and chloride flux that would occur into the SJR 

and LOR relative to changes in river stage.  The effect of groundwater pumping on groundwater 

discharge into the rivers also was evaluated for long-term average conditions.  Two of the 

District’s existing numerical groundwater flow models that covered the entire study area with a 

small degree of overlap were used to estimate the groundwater discharge and chloride fluxes that 

occur between the groundwater and surface-water systems.  Segments were delineated along the 

LOR and SJR that potentially will be affected by the proposed surface-water withdrawals, and 

simulations were performed to estimate the net groundwater discharge and chloride flux that will 

occur into relevant segments of the SJR and LOR including both diffuse upward leakage and 

point discharge at major springs.  Also, simulations were performed to estimate the base-flow 

reduction that has occurred due to groundwater pumping in the study area. 
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5.2.0  STUDY AREA 

5.2.1  TOPOGRAPHY AND CLIMATE  

The area of this investigation is in the part of east-central Florida that extends from 

slightly north of the confluence of the SJR and LOR in the north to Lake Washington on the SJR 

in the south (see Figure 5.1).  The river valleys and flood plains of both rivers generally occur in 

flat and swampy terrain in which the land-surface elevation is less than 50 feet above sea level.  

The climate in this area, which is classified as subtropical humid, is characterized by warm, 

relatively wet summers and mild, relatively dry winters (Tibbals 1990).  The average annual 

rainfall over the study area is approximately 52 inches.  The rainfall is unevenly distributed 

during the year, with approximately 55 percent of the annual rainfall occurring during the four 

summer months from June to September.  The normal summer rainfall, which is derived mostly 

from local showers and thunderstorms, can be substantially augmented by tropical storms and 

hurricanes that pass through or near the Florida peninsula in some years.  Winter rainfall gen-

erally results from large cold fronts that move from northwest to southeast over the area.  Poten-

tial evaporation ranges from about 46 inches per year (in/yr) in the northeast part of the study 

area to 50 in/yr in the southwest part (Visher and Hughes 1975).  Actual evaporation ranges from 

about 30 in/yr in areas where the water table is relatively deep to about 48 in/yr in areas where 

the water table is at or near land surface (Tibbals 1990).  

5.2.2  SURFACE-WATER FEATURES 

The LOR, which is a major tributary to the SJR, and the SJR are both northward-flowing 

streams.  Major surface-water features include the Rodman Reservoir on the LOR and numerous 

lakes including Crescent Lake and lakes Dexter, Woodruff, Monroe, Jessup, Harney, Poinsett, 

and Washington along the SJR (Figure 5.1).  Discharge occurs from numerous springs in the 

study area.  Along the SJR, this includes Mosquito and Ponce de Leon springs between Astor 

and Deland, Blue Spring between Deland and Sanford, Gemini and Green springs at Lake 

Monroe, and Lake Jesup and Clifton springs at Lake Jesup. 

5.2.3  HYDROGEOLOGIC SETTING 

5.2.3.1 Geologic and Hydrologic Units 

The groundwater system in east-central Florida generally consists of a surficial aquifer 

system that overlies a low permeability confining unit, which in turn overlies the Floridan aqui-

fer system, a regionally extensive aquifer system (see Table 5.1).  The surficial aquifer system, 

which is generally under water-table conditions, consists of Pleistocene and Holocene deposits 

(Tibbals 1990).  The confining unit between the surficial aquifer and the Floridan aquifer sys-

tems, which is called the intermediate confining unit (Motz and Dogan 2004), is comprised of 

rocks of the Miocene age Hawthorn Group and, locally, deposits of Pliocene and Pleistocene 

ages (Tibbals 1990).  The Floridan aquifer system in east-central Florida consists of the 

Oligocene Suwannee Limestone (where it is present), the Upper Eocene Ocala Limestone, the 

Middle Eocene Avon Park Formation, the Lower Eocene Oldsmar Formation, and the Paleocene 

Cedar Keys Formation.  In most of the area, the Floridan aquifer system is comprised of two 

relatively permeable zones called the upper and lower Floridan aquifers that are separated by a  
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Figure 5.1. St. Johns and Ocklawaha rivers and selected Floridan aquifer springs 

(source: SJRWMD 2008). 



 

University of Florida   Final Report 

   5 

Table 5.1. Generalized hydrogeologic units in the St. Johns River Water Management 

District   

Geologic 

Age 

Stratigraphic 

Unit 

Hydrogeologic Unit Lithologic 

Description 

Pleistocene 

and 

Holocene 

Pleistocene 

and Holocene 

deposits 

Surficial aquifer system Sand, shell, and 

clay lenses 

Pliocene Late Miocene 

or Pliocene 

deposits 

 

Intermediate aquifer system 

(intermediate confining unit and 

intermediate aquifer) 

Clay, marl, and 

discontinuous beds 

of sand, shell, 

dolomite, and 

limestone 
Miocene Hawthorn 

Group 

 

 

Eocene 

Ocala 

Limestone 

 

 

Floridan aquifer 

system 

Upper 

Floridan 

aquifer (upper 

and lower 

zones) 

Very porous 

limestone  

Avon Park 

Formation 

Middle semi-

confining unit 

Leaky, low 

permeability 

limestone and 

dolomite 

 

Oldsmar 

Formation 

Lower 

Floridan 

aquifer 

Porous limestone 

Paleocene Cedar Keys 

Formation 

Sub-Floridan confining unit Low permeability 

anhydrite beds 

Sources: Motz and Dogan 2004 and McGurk and Presley 2002. 

 

 

relatively low permeability unit called the middle semiconfining unit.  The upper Floridan aqui-

fer is a zone of high permeability in the Ocala Limestone and the upper third of the Avon Park 

Formation, and the lower Floridan aquifer occurs in the lower half of the Avon Park Formation, 

the Oldsmar Formation, and the upper third of the Cedar Keys Formation.  The base of the 

Floridan aquifer system occurs at the top of low permeability anhydrite beds within the Cedar 

Keys Formation, which are considered to be the lower, or sub-Floridan, confining unit of the 

Floridan aquifer system.  

5.2.3.2 Recharge and Discharge                                                                                                                                                                                                                                                                                                                          

The upper Floridan aquifer generally is overlain and confined by the intermediate con-

fining unit in east-central Florida.  In recharge areas, the water table in the surficial aquifer 

system is above the potentiometric surface of the upper Floridan aquifer, and recharge to the 

Floridan aquifer system occurs primarily by means of downward leakage from the surficial 

aquifer through the intermediate confining unit to the upper Floridan aquifer (Tibbals 1990).  

Discharge from the Floridan aquifer system in the east-central Florida area occurs by diffuse 
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upward leakage in discharge areas where the potentiometric surface is above the water table, by 

pumping and flowing wells, by springs, and by lateral outflow to the Atlantic Ocean (Tibbals 

1990).  Most of the discharge from the upper Floridan aquifer occurs at springs and by diffuse 

upward leakage along the streams and rivers in the area.   

Areas of relatively large groundwater discharges are indicated by depressions in the 

potentiometric surface of the upper Floridan aquifer (Tibbals 1990) (see Figure 5.2).  In addition 

to point discharges at springs, these areas include the LOR in and near Rodman Reservoir, gen-

erally the SJR from near Palatka to Lake Harney and specifically the SJR between the mouth of 

the Ocklawaha River and south to Little Lake George, Lake George, Lake Jessup, and Lake 

Harney, and the coastline from Flagler Beach south to the north part of Merritt Island.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Legend: 

  —120— Potentiometric contour (ft, NGVD) 

    Contour interval = 10 ft. 

 

Figure 5.2. Potentiometric surface of the upper Floridan aquifer in the study area, May 

1995 (source: SJRWMD 2008) 
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5.2.3.3 Groundwater Quality 

In east-central Florida, chloride concentrations in the upper Floridan aquifer generally 

range from 0 to 250 mg/L in most of the area.  However, chloride concentrations are greater than 

1,000 mg/L along most of the course of the SJR and along the Atlantic Coast from about Cocoa 

northward to St. Augustine (Tibbals 1990) (see Figure 5.3).  Similarly, chloride concentrations in 

the lower Floridan aquifer range from less than 250 mg/L in most of the area to more than 5,000 

mg/L along the SJR (Sprinkle 1989).  Along the SJR, the estimated altitude of water with a 

chloride concentration of 5,000 mg/L, which represents the transition between moderately 

brackish water and very brackish to salty water (McGurk and Presley 2002), ranges from less 

than -200 ft, NGVD, between Lake George and Sanford to more than -1,600 ft, NGVD, in the 

vicinity of Lake Washington in the south (see Figures 5.4 and 5.5).  Along the river, high 

chloride water has been measured in wells near the northeast shore of Lake Harney, near the 

southeast shore of Lake George, and near the north shore of Lake Poinsett.  Upstream from State 

Highway 50, flow in the SJR during extended dry periods consists of highly mineralized water 

that consists mostly of upward leakage from the upper Floridan aquifer and return flow from 

irrigated farms (Lichtler et al. 1968 in Tibbals 1990).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Chloride concentration in the upper Floridan aquifer in the study area  

(source: SJRWMD 2008) 
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Figure 5.4. Hydrogeologic cross-section in east-central Florida from Sumter County to 

Volusia County (source: Tibbals 1990) 
 

 

The high chloride concentrations along the SJR may be the result of incomplete flushing 

of Pleistocene seawater by the modern-day flow system (Stringfield 1966).  In the valley of the 

SJR, the high chloride concentrations were mapped by Sprinkle (1989) on the assumption that 

the lower Floridan aquifer as well as the upper Floridan aquifer has been incompletely flushed of 

seawater that invaded the aquifer system during Pleistocene times.  Most of the highly mineral-

ized water in the upper Floridan aquifer is probably a mixture of freshwater and the relict sea-

water that entered the aquifer system during a higher stand of the sea in past geologic time 
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(Tibbals 1990).  In places, flushing of the ancient seawater is incomplete, and the upper Floridan 

aquifer contains water that is still brackish.  From Lake Harney northward along the SJR, the 

brackish water in the upper Floridan aquifer is virtually stagnant, and it is likely that most of the 

brackish water being discharged is moving upward from depth in the vicinity of springs along 

the SJR (Tibbals 1990).  Faults that are believed to be present along the SJR (Figures 5.4 and 

5.5) could provide an avenue for substantial movement of brackish water to replace that which is 

discharged either by springs or by diffuse upward leakage.  However, even if faults are absent, 

brackish water can be discharged and still be continually replenished by brackish water from 

depth.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Hydrogeologic cross-section in east-central Florida from Polk County to 

Brevard County (source: Tibbals 1990) 
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5.3.0  GROUNDWATER MODELING 

5.3.1  SELECTION OF MODELS  

The reaches of the LOR and SJR where AWS diversions may occur extend from Eureka 

to Conner on the LOR and from Lake George to Lake Washington on the SJR (see Figure 5.6).  

The District’s existing groundwater flow models were reviewed, and two models that cover these 

areas with a relatively small overlap were selected for the simulations, i.e., the north-central 

Florida (NCF) and east-central Florida (ECF) regional groundwater flow models (Motz and 

Dogan 2004 and McGurk and Presley 2002) (see Figure 5.7).  In both models, the U.S. 

Geological Survey modular three-dimensional finite-difference code MODFLOW (McDonald 

and Harbaugh 1988) was used to simulate the groundwater systems.  During their development, 

both models were assembled and calibrated to represent average 1995 conditions.  It was 

assumed that the average groundwater levels, streamflows, and pumping and other stresses for 

1995 were approximately in equilibrium, and, accordingly, it was assumed in both models that 

the average 1995 conditions in the groundwater system could be approximated by steady-state 

calibrations.  The primary objectives of both calibrations were simulating groundwater levels in 

target wells and selected water bodies in the surficial aquifer system and simulating measured 

(and estimated) spring discharges in the respective study areas. 

5.3.2  REPRESENTATION OF RIVERS, LAKES, AND SPRINGS  

In MODFLOW, an aquifer system is discretized with a mesh of blocks called cells, the 

locations of which are described in terms of rows, columns, and layers (McDonald and Harbaugh 

1988). An i, j, k indexing system is used, and within each cell, the hydraulic head is calculated at a 

point called a node, which is at the center of each block. The proposed surface-water withdrawals 

potentially will lower surface-water levels in the LOR and SJR and in lakes and springs along these 

rivers. In the NCF model, the river and lake areas where diffuse discharge occurs between the 

groundwater system and the LOR and SJR are represented by cells in the MODFLOW river (RIV) 

package. In the ECF model, the river areas where diffuse discharge occurs between the ground-

water system and the SJR are represented by cells in the MODFLOW river (RIV) package, and 

lake areas are represented by cells in the MODFLOW constant-head boundary (CHB) package. 

Major springs that discharge from the upper Floridan aquifer in the study area (Figure 5.6) are 

represented in both models by cells in the MODFLOW drain (DRN1) package. 

5.3.3  CALCULATING INCREASED DISCHARGE AND CHLORIDE FLUX 

The potential response to the surface-water withdrawals in the reach of the LOR between 

Eureka and Conner (see Figure 5.8) was simulated using the NCF model.  The study area along 

the SJR was divided into eight segments between Astor and Melbourne.  The potential response 

in the segment between Astor and Deland was simulated using the NCF model, and the 

responses in the seven segments between Deland and Melbourne were simulated using the ECF 

model (see Figure 5.8).  To quantify increases in groundwater discharge and chloride flux that 

potentially would occur in response to lowered river stages in the relevant segments of the LOR 

and SJR, initial river, lake, and spring stages in the groundwater models were assumed to be 
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equal to the potentiometric levels in the District’s existing groundwater flow models.  To 

represent the effects  
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Figure 5.6. Parts of the St. Johns and lower Ocklawaha rivers considered as potential 

alternative water-supply sources (source: SJRWMD 2008) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Boundaries of the north-central and east-central regional groundwater flow 

models (source: Motz and Dogan 2004 and McGurk and Presley 2002) 
 

 

of the surface-water withdrawals, river stages were lowered in increments of 0.25 ft up to 1.00 ft 

from the initial condition in the areas under consideration for surface-water withdrawals along 

the LOR and SJR.  The maximum 1.00-ft change in stage, selected to provide a maximum range 

of responses to the potential surface-water withdrawals, is significantly greater than the actual 

decrease in river stage that is anticipated to be on the order of a few tenths of a foot (Personal 

communication, SJRWMD, June 6, 2008).  

The segments of the LOR and SJR that were considered to be affected by the potential 

surface-water withdrawals were overlapped with the NCF and ECF model discretizations, and 

model boundary cells that would experience a change in stage were identified (Figure 5.8).  The 

boundary heads in all the river (RIV), constant head boundary (CHB), and drain (DRN1) cells 

that overlap these areas were decreased for each scenario.  Heads in the river, drain, and constant 

head boundary cells were lowered in four different steps by 0.25-ft increments (1.00 ft total). 

Each lowering of the stage was considered to represent one scenario.  All together, five scenarios 

representing five different river stages were simulated with each groundwater flow model (i.e., 
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initial, initial - 0.25 ft, initial - 0.50 ft, initial - 0.75 ft, and initial - 1.00 ft).  The inflow (dis-

charge) and outflow (recharge) values for the river, drain, and constant head boundary model 

cells within the study area (Figure 5.8) were obtained from the simulation of each model scenario  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Segments of the lower Ocklawaha and St. Johns rivers selected for study 
 

 

and were summed to calculate the discharge and recharge for each scenario.  The results were 

tabulated separately for each segment within the study area.  Net groundwater discharge values 

for each scenario were also calculated for each segment.  Spring discharges were included in 

these calculations.  In order to examine effects of the potential surface-water withdrawals on the 

springs, the discharge values for the springs were also tabulated separately.  To inspect the 

linearity of the relationship between the net groundwater discharge and the change in river stage, 

graphs were prepared for each segment.  Also, to compare the results of all segments, the net 

groundwater discharge values for each segment were divided by the area of the model boundary 

cells in that segment and graphs showing net groundwater discharge per area of model boundary 

cells versus change in river stage were prepared for each segment of the study area. 

Based on chloride concentration data obtained from monitoring wells and the District’s 

chloride concentration map, a triangulated irregular network (TIN) model was created to repre-
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sent the chloride concentration in the upper Floridan aquifer in the study area.  The TIN model 

was used to create a raster and to calculate the chloride concentration for each model cell (based 

on Figure 5.3).  Chloride fluxes between the aquifer and stream segments were calculated by 

multiplying the discharge values of each model cell by the chloride concentration of that cell.  

The chloride flux discharge values for all river, drain, and constant head boundary model cells 

within the study area (Figure 5.8) were summed to calculate the total flux in each segment.  

Spring chloride fluxes are included in these calculations.  In order to examine the effects of the 

potential surface-water withdrawals on the springs, the chloride flux values for the springs were 

also tabulated separately.  To inspect the linearity of the relationship between the chloride flux 

and the change in river stage, graphs were prepared for each segment.  Also, to compare the 

results of all segments, the chloride flux values for each segment were divided by the area of the 

model boundary cells and graphs showing chloride flux per area of the model boundary cells 

versus change in river stage were prepared for each segment of the study area. 

5.3.4  INCREASED DISCHARGE 

5.3.4.1 Ocklawaha River (segment from Eureka to Conner) 

Water-surface profiles for the selected scenarios for the LOR from Conner to Eureka 

were created and imposed onto the selected model boundary cells of the NCF regional ground-

water flow model (see Figure 5.9).  Groundwater discharge and recharge in the LOR from 

Eureka to Conner were simulated for the selected scenarios (see Figure 5.10).  The simulated net 

discharge into the river cells that represent this part of the LOR increases linearly from 3.61 x 

10
5
 ft

3
/day for the initial condition to 5.50 x 10

5
 ft

3
/day for the 1.00-ft change in river stage (see 

Figures 5.11 and 5.12 and Table 5.2).  The net groundwater discharge per area of model 

boundary cells versus change in river stage increases from 1.65 x 10
-3

 ft/day for the initial 

condition to 2.50 x 10
-3

 ft/day for the 1.00-ft change in river stage (see Figure 5.13).  

5.3.4.2 St. Johns River 

Water-surface profiles for the selected scenarios for the SJR from Deland to Astor were 

created and imposed onto the selected model boundary cells of the NCF regional groundwater 

flow model (see Figure 5.14).  Similarly, water-surface profiles for the selected scenarios for the 

SJR from Melbourne to Deland were created and imposed onto the selected model boundary 

cells of the ECF regional groundwater flow model (see Figure 5.15). 

5.3.4.2.1 Astor-Deland 

Groundwater discharge and recharge in the SJR from Astor to Deland were simulated for 

the selected scenarios (see Figure 5.16).  The simulated net discharge into the river and drain 

cells that represent this part of the SJR increases linearly from 7.42 x 10
6
 ft

3
/day for the initial 

condition to 8.53 x 10
6
 ft

3
/day for the 1.00-ft change in river stage (see Figures 5.17 and 5.18).  

Discharge values for the two springs (Mosquito and Ponce de Leon) in this segment of the SJR 

that potentially will be affected by the surface-water withdrawals also increase linearly with 

decreases in river stage (see Figure 5.19). 
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5.3.4.2.2 Deland-Sanford 

Groundwater discharge and recharge in the SJR from Deland to Sanford were simulated 

for the selected scenarios (see Figure 5.20).  The simulated net discharge into the river, constant 

head, and drain cells that represent this part of the SJR increases linearly from 1.72 x 10
7
 ft

3
/day  
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Figure 5. 9. Water-surface profiles in the north-central regional groundwater flow model for selected scenarios for the 

lower Ocklawaha River from Conner to Eureka 
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Figure 5.10. Groundwater discharge and recharge in the lower Ocklawaha River from 

Eureka to Conner for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Net groundwater discharge in the lower Ocklawaha River from Eureka to 

Conner for selected scenarios
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Figure 5.12. Net groundwater discharge versus change in river stage in the lower 

Ocklawaha River from Eureka to Conner 
 

 

 

 

 

 

 

 

Table 5.2. Net groundwater discharge versus change in river stage in the lower 

Ocklawaha River from Eureka to Conner 

 

River 
Change in River Stage % Increase 

(per ft of drawdown) Initial −0.25 ft  −0.50 ft  −0.75 ft  −1.00 ft  

LOR 0.361 0.408 0.455 0.503 0.550 52.32 

Notes: LOR = Lower Ocklawaha River; discharge x 10
6
  ft

3
/day 
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Figure 5.13. Net groundwater discharge per square foot in the lower Ocklawaha River 

from Eureka to Conner versus change in river stage 
 

 

 

for the initial condition to 1.80 x 10
7
 ft

3
/day for the 1.00-ft change in river stage (see Figures 

5.21 and 5.22). Discharge values for Blue Spring (Volusia), which is located in this segment of 

the SJR, also increase linearly with decreases in river stage (see Figure 5.23). 

 

5.3.4.2.3 Lake Monroe 

Groundwater discharge and recharge in Lake Monroe were simulated for the selected 

scenarios (see Figure 5.24).  The simulated net discharge into the river, constant head, and drain 

cells that represent this part of the SJR increases linearly from 3.82 x 10
6
 ft

3
/day for the initial 

condition to 3.99 x 10
6
 ft

3
/day for the 1.00-ft change in river stage (see Figures 5.25 and 5.26).  

Discharge values for the two springs (Gemini and Green) in this segment of the SJR that 

potentially will be affected by the surface-water withdrawals also increase linearly with 

decreases in river stage (see Figure 5.27). 
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Figure 5.14. Water-surface profiles in the north-central regional groundwater flow model for selected scenarios for the St. 

Johns River from Deland to Astor 
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Figure 5.15. Water-surface profiles in the east-central regional groundwater flow model for selected scenarios for the St. 

Johns River from Melbourne to Deland  
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Figure 5.16. Groundwater discharge and recharge in the St. Johns River from Astor to 

Deland for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Net groundwater discharge in the St. Johns River from Astor to Deland for 

selected scenarios 
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Figure 5.18. Net groundwater discharge versus change in river stage in the St. Johns 

River from Astor to Deland 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. Spring discharge in the St. Johns River from Astor to Deland for selected 

scenarios 
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Figure 5.20. Groundwater discharge and recharge in the St. Johns River from Deland to 

Sanford for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21. Net groundwater discharge in the St. Johns River from Deland to Sanford 

for selected scenarios 
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Figure 5.22. Net groundwater discharge versus change in river stage in the St. Johns 

River from Deland to Sanford 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23. Spring discharge in the St. Johns River from Deland to Sanford for selected 

scenarios 
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Figure 5.24. Groundwater discharge and recharge in Lake Monroe for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25. Net groundwater discharge in Lake Monroe for selected scenarios 

-3.82E+06 -3.86E+06 -3.91E+06 -3.95E+06 -3.99E+06

0 0 0 0 0

-4.5E+06

-4.0E+06

-3.5E+06

-3.0E+06

-2.5E+06

-2.0E+06

-1.5E+06

-1.0E+06

-5.0E+05

0.0E+00
Initial Condition Initial Condition

- 0.25 ft

Initial Condition

- 0.50 ft

Initial Condition

- 0.75 ft

Initial Condition

- 1.00 ft

 D
is

c
h

a
rg

e
 /

 R
e
c
h

a
rg

e
 (

ft
3
/d

a
y
)

Discharge

Recharge

3.82E+06

3.86E+06

3.91E+06

3.95E+06

3.99E+06

3.70E+06

3.75E+06

3.80E+06

3.85E+06

3.90E+06

3.95E+06

4.00E+06

4.05E+06

Initial Condition Initial Condition -

0.25 ft

Initial Condition -

0.50 ft

Initial Condition -

0.75 ft

Initial Condition -

1.00 ft

N
e
t 

D
is

c
h

a
rg

e
 (

ft
3
/d

a
y
)



 

University of Florida   Final Report 

28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. Net groundwater discharge versus change in river stage in Lake Monroe 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.27. Spring discharge in Lake Monroe for selected scenarios 
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5.3.4.2.4 Lake Jesup 

Groundwater discharge and recharge in Lake Jesup were simulated for the selected 

scenarios (see Figure 5.28).  The simulated net discharge into the river, constant head, and drain 

cells that represent this part of the SJR increases linearly from 3.96 x 10
6
 ft

3
/day for the initial 

condition to 4.10 x 10
6
 ft

3
/day for the 1.00-ft change in the river stage (see Figures 5.29 and 

5.30). Discharge values for the two springs (Lake Jesup and Clifton) in this segment of the SJR 

that potentially will be affected by the surface-water withdrawals also increase linearly with 

decreases in river stage (see Figure 5.31). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.28. Groundwater discharge and recharge in Lake Jesup for selected scenarios 
 

 

5.3.4.2.5 Lake Harney 

Groundwater discharge and recharge in Lake Harney were simulated for the selected 

scenarios (see Figure 5.32).  The simulated net discharge into the river and constant head cells 

that represent this part of the SJR increases linearly from 4.09 x 10
6
 ft

3
/day for the initial 

condition to 4.48 x 10
6
 ft

3
/day for the 1.00-ft change in river stage (see Figures 5.33 and 5.34).  

5.3.4.2.6 Lake Harney to Christmas 

Groundwater discharge and recharge in the SJR from Lake Harney to Christmas were 

simulated for the selected scenarios (see Figure 5.35).  The simulated net discharge into the river 

and constant head cells that represent this part of the SJR increases linearly from 5.02 x 10
6
 

ft
3
/day for the initial condition to 5.48 x 10

6
 ft

3
/day for the 1.00-ft change in river stage (see 

Figures 5.36 and 5.37). 
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Figure 5.29. Net groundwater discharge in Lake Jesup for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.30. Net groundwater discharge versus change in river stage in Lake Jesup 
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Figure 5.31. Spring discharge in Lake Jesup for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32. Groundwater discharge and recharge in Lake Harney for selected scenarios 
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Figure 5.33. Net groundwater discharge in Lake Harney for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34. Net groundwater discharge versus change in river stage in Lake Harney 
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Figure 5.35. Groundwater discharge and recharge in the St. Johns River from Lake 

Harney to Christmas for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.36. Net groundwater discharge in the St. Johns River from Lake Harney to 

Christmas for selected scenarios 
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Figure 5.37. Net groundwater discharge versus change in river stage in the St. Johns 

River from Lake Harney to Christmas 
 

 

 

5.3.4.2.7 Christmas to Cocoa 

Groundwater discharge and recharge in the SJR from Christmas to Cocoa were simulated 
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6
 ft

3
/day for the initial condition to 

2.01 x 10
6
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3
/day for the 1.00-ft change in the river stage (see Figures 5.39 and 5.40).  

5.3.4.2.8 Cocoa to Melbourne 
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5
 

ft
3
/day for the initial condition to 5.97 x 10

5
 ft

3
/day for the 1.00-ft change in river stage (see 

Figures 5.42 and 5.43).  
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Figure 5.38. Groundwater discharge and recharge in the St. Johns River from Christmas 

to Cocoa for selected scenarios 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.39. Net groundwater discharge in the St. Johns River from Christmas to Cocoa 

for selected scenarios 
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Figure 5.40. Net groundwater discharge versus change in river stage in the St. Johns 

River from Christmas to Cocoa 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.41. Groundwater discharge and recharge in the St. Johns River from Cocoa to 

Melbourne for selected scenarios 
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Figure 5.42. Net groundwater discharge in the St. Johns River from Cocoa to Melbourne 

for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.43. Net groundwater discharge versus change in river stage in the St. Johns 

River from Cocoa to Melbourne 
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Table 5.3. Net groundwater discharge in selected segments of the St. Johns River versus 

change in river stage 

Selected Segment of 

the St. Johns River 

Change in River Stage % Increase             

(per ft of 

drawdown) 
Initial −0.25 ft  −0.50 ft  −0.75 ft  −1.00 ft  

1 (Astor to Deland) 7.420 7.700 7.980 8.250 8.530 14.93 

2 (Deland to Sanford) 17.200 17.400 17.600 17.800 18.000 4.57 

3 (Lake Monroe) 3.820 3.860 3.910 3.950 3.990 4.39 

4 (Lake Jesup) 3.960 4.000 4.030 4.070 4.100 3.48 

5 (Lake Harney) 4.090 4.190 4.280 4.380 4.480 9.49 

6 (Lake Harney to 

Christmas) 5.020 5.120 5.230 5.360 5.480 
9.20 

7 (Christmas to 

Cocoa) 1.760 1.820 1.890 1.950 2.010 
14.10 

8 (Cocoa to 

Melbourne) 0.449 0.481 0.514 0.550 0.597 
32.94 

 Note: Discharge x 10
6
 ft

3
/day. 

 

 

one (from Astor to Deland), and six (from Lake Harney to Christmas) (see Figure 5.44).  To 

compare the results of all eight segments of the St. Johns River, the net groundwater discharge 

per foot of drawdown in each segment was divided by the area of the model boundary cells.  

Values for the net groundwater discharge per square foot in the selected segments of the SJR are 

greatest in sections two (from Deland to Sanford), six (from Lake Harney to Christmas), and one 

(from Astor to Deland) (see Figure 5.45). 

5.3.5  INCREASED CHLORIDE FLUX 

5.3.5.1 Ocklawaha River (segment from Eureka to Conner)  

The chloride fluxes between the upper Floridan aquifer and the areas of the LOR that will 

be affected by the surface-water withdrawals were calculated by multiplying the discharge values 

of each river boundary cell in this area by the chloride concentration of that cell.  The resulting 

chloride fluxes that discharge into the river cells were summed to calculate the total flux between 

Eureka and Conner.  The chloride flux discharged into the LOR from Eureka to Conner was sim-

ulated for the selected scenarios (see Figure 5.46).  The simulated chloride flux discharged into 

the river cells that represent this part of the LOR increases linearly from 267 kg/day for the 

initial condition to 309 kg/day for the 1.00-ft change in river stage (see Figures 5.46 and 5.47 and 

Table 5.4).  The chloride flux per area of model boundary cells versus change in river stage 

increases linearly from 1.22 x 10
-6

 kg/day/ft
2
 for the initial condition to 1.42 x 10

-6
 kg/day/ft

2
 for 

the 1.00-ft change in river stage (see Figure 5.48). 
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Figure 5.44. Net groundwater discharge in selected segments of the St. Johns River 

versus change in river stage 
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Figure 5.45. Net groundwater discharge per square foot in selected segments of the St. 

Johns River versus change in river stage 
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Figure 5.46. Chloride flux discharged into the lower Ocklawaha River from Eureka to 

Conner for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.47. Chloride flux discharged into the lower Ocklawaha River versus change in 

river stage in the lower Ocklawaha River from Eureka to Conner 
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Table 5.4. Chloride flux discharged into the lower Ocklawaha River versus change in 

river stage in the lower Ocklawaha River from Eureka to Conner 

River 
Change in River Stage % Increase 

(per ft of drawdown) Initial −0.25 ft  −0.50 ft  −0.75 ft  −1.00 ft  

LOR 266.75 276.10 286.75 297.42 309.46 16.01 

Notes: LOR = Lower Ocklawaha River; discharge units are kg/day. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.48. Chloride flux discharge per square foot for the lower Ocklawaha River 

from Eureka to Conner versus change in river stage 
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and Deland, and the simulated discharge values of the ECF model were used to calculate the 

chloride fluxes into the seven segments between Deland and Melbourne. 
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5.3.5.2.1 Astor-Deland 

The chloride flux discharged into the SJR from Astor to Deland was simulated for the 

selected scenarios (see Figure 5.49).  The simulated chloride flux discharged into the river and 

drain cells that represent this part of the SJR increases linearly from 1.19 x 10
5
 kg/day for the 

initial condition to 1.40 x 10
5
 kg/day for the 1.00-ft change in river stage (see Figures 5.49 and 

5.50).  Chloride fluxes into the two springs (Mosquito and Ponce de Leon) in this segment of the 

SJR that potentially will be affected by the surface-water withdrawals also increase linearly with 

decreases in river stage (see Figure 5.51). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.49. Chloride flux discharged into the St. Johns River from Astor to Deland for 

selected scenarios 
 

 

 

5.3.5.2.2 Deland-Sanford 

The chloride flux discharged into the SJR from Deland to Sanford was simulated for the 

selected scenarios (see Figure 5.52).  The simulated chloride flux discharged into the river, con-

stant head, and drain cells that represent this part of the SJR increases linearly from 2.34 x 10
5
 

kg/day for the initial condition to 2.48 x 10
5
 kg/day for the 1.00-ft change in river stage (see 

Figures 5.52 and 5.53).  The chloride flux for Blue Spring (Volusia), which is located in this seg-

ment of the SJR, also increases linearly with decreases in river stage (see Figure 5.54). 
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Figure 5.50. Chloride flux discharged into the St. Johns River versus change in river 

stage in the St. Johns River from Astor to Deland 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.51. Spring chloride flux in the St. Johns River from Astor to Deland for 

selected scenarios 
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Figure 5.52. Chloride flux discharged into the St. Johns River from Deland to Sanford 

for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.53. Chloride flux discharged into the St. Johns River versus change in river 

stage in the St. Johns River from Deland to Sanford 
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Figure 5.54. Spring chloride flux in the St. Johns River from Deland to Sanford for 

selected scenarios 
 

 

 

5.3.5.2.3 Lake Monroe 

The chloride flux discharged into Lake Monroe was simulated for the selected scenarios 
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4
 kg/day for the initial 

condition to 9.07 x 10
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 kg/day for the 1.00-ft change in the stage (see Figures 5.55 and 5.56).  

The chloride flux values for the two springs (Gemini and Green) in this segment of the SJR that 
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potentially will be affected by the surface-water withdrawals also increase linearly with 

decreases in river stage (see Figure 5.60). 
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Figure 5.55. Chloride flux discharged into Lake Monroe for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.56. Chloride flux discharged into Lake Monroe versus change in river stage in 

Lake Monroe 
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Figure 5.57. Spring chloride flux in Lake Monroe for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.58. Chloride flux discharged into Lake Jesup for selected scenarios 
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Figure 5.59. Chloride flux discharged into Lake Jesup versus change in river stage in 

Lake Jesup 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.60. Spring chloride flux in Lake Jesup for selected scenarios 
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5.3.5.2.5 Lake Harney 

The chloride flux discharged into Lake Harney was simulated for the selected scenarios 

(see Figure 5.61).  The simulated chloride flux discharged into the river and constant head cells 

that represent this part of the SJR increases linearly from 1.44 x 10
5
 kg/day for the initial 

condition to 1.57 x 10
5
 kg/day for the 1.00-ft change in river stage (see Figures 5.61 and 5.62).  

5.3.5.2.6 Lake Harney to Christmas 

The chloride flux that is discharged into the SJR from Lake Harney to Christmas was 

simulated for the selected scenarios (see Figure 5.63).  The simulated chloride flux discharged 

into the river and constant head cells that represent this part of the SJR increases linearly from 

3.89 x 10
5
 kg/day for the initial condition to 4.24 x 10

5
 kg/day for the 1.00-ft change in river 

stage (see Figures 5.63 and 5.64).  

5.3.5.2.7 Christmas to Cocoa 

The chloride flux discharged into the SJR from Christmas to Cocoa was simulated for the 

selected scenarios (see Figure 5.65).  The simulated chloride flux discharged into the river and 

constant head cells that represent this part of the SJR increases linearly from 5.01 x 10
4
 kg/day 

for the initial condition to 5.71 x 10
4
 kg/day for the 1.00-ft change in river stage (see Figures 

5.65 and 5.66).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.61. Chloride flux discharged into Lake Harney for selected scenarios 
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Figure 5.62. Chloride flux discharged into Lake Harney versus change in river stage in 

Lake Harney 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.63. Chloride flux discharged into the St. Johns River from Lake Harney to 

Christmas for selected scenarios 
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Figure 5.64. Chloride flux discharged into the St. Johns River versus change in river 

stage in the St. Johns River from Lake Harney to Christmas 
 

 

 

5.3.5.2.8 Cocoa to Melbourne 

The chloride flux discharged into the SJR from Cocoa to Melbourne was simulated for 

the selected scenarios (see Figure 5.67).  The simulated chloride flux discharged into the river 

and constant head cells that represent this part of the SJR increases linearly from 9.28 x 10
3
 

kg/day for the initial condition to 1.24 x 10
4
 kg/day for the 1.00-ft change in river stage (see 

Figures 5.67 and 5.68).  

5.3.5.3 Summary of Increased Chloride Flux in the SJR 

The three largest percentage increases of the chloride flux per foot of drawdown in the 

SJR are in sections eight (from Cocoa to Melbourne), one (from Astor to Deland), and seven 

(from Christmas to Cocoa) (see Table 5.5).  The magnitude of the chloride fluxes that would 

result from one foot of drawdown are greatest in sections six (from Lake Harney to Christmas), 

two (from Deland to Sanford), and five (Lake Harney) (see Figure 5.69).  To compare the results 

of all eight segments of the SJR, the chloride flux discharge in each segment was divided by the 

area of the model boundary cells.  Values for the net groundwater discharge per square foot in 

the selected segments of the St. Johns River are greatest in sections six (from Lake Harney to 

Christmas), two (from Deland to Sanford), and five (Lake Harney) (see Figure 5.70). 
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Figure 5.65. Chloride flux discharged into the St. Johns River from Christmas to Cocoa 

for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.66. Chloride flux discharged into the St. Johns River versus change in river 

stage in the St. Johns River from Christmas to Cocoa 
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Figure 5.67. Chloride flux discharged into the St. Johns River from Cocoa to Melbourne 

for selected scenarios 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.68. Chloride flux discharged into the St. Johns River versus change in river 

stage in the St. Johns River from Cocoa to Melbourne 
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Table 5.5. Chloride flux discharged into selected segments of the St. Johns River versus 

change in river stage 

Selected Segment of 
the St. Johns River 

Change in River Stage % Increase 
(per ft of 

drawdown) 
Initial −0.25 ft  −0.50 ft  −0.75 ft  −1.00 ft  

1 (Astor to Deland) 0.119 0.124 0.130 0.135 0.140 17.82 

2 (Deland to Sanford) 0.234 0.237 0.241 0.244 0.248 5.87 

3 (Lake Monroe) 0.087 0.088 0.089 0.090 0.091 4.28 

4 (Lake Jesup) 0.073 0.073 0.074 0.075 0.076 4.31 

5 (Lake Harney) 0.144 0.147 0.151 0.154 0.157 9.01 

6 (Lake Harney to 
Christmas) 0.389 0.397 0.405 0.414 0.424 

8.84 

7 (Christmas to Cocoa) 0.050 0.052 0.054 0.055 0.057 14.08 

8 (Cocoa to Melbourne) 0.009 0.010 0.011 0.011 0.012 33.69 

      Note: Units of chloride flux x 10
6
 kg/day. 
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Figure 5.69. Chloride flux discharged into selected segments of the St. Johns River 

versus change in river stage 
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Figure 5.70. Chloride flux discharge per square foot for different segments of the St. 

Johns River versus change in river stage 
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5.4.0  IMPACTS OF PUMPING 

 

Simulations also were performed to estimate the impact that groundwater pumping in the 

study area has had on base flow in the segments of the LOR and SJR that would be affected by 

the potential surface-water withdrawals.  No-pumping scenarios were run for the NCF and ECF 

models, and the resulting increased discharges in the river, lake, and constant-head cells that 

represent the potentially affected segments of the LOR and SJR were compared to the corre-

sponding discharges in the calibrated 1995 simulations for these models.  Differences between 

the no-pumping and 1995 discharges were attributed to groundwater pumping in the study area.  

Following this procedure, base-flow reductions due to pumping were calculated for the LOR 

from Eureka to Connor (see Figures 5.71 and 5.72) and for the SJR from Astor to Deland (see 

Figures 5.73-5.75), from Deland to Sanford (see Figures 5.76-5.78), in Lake Monroe (see 

Figures 5.79-5.81), in Lake Jesup (see Figures 5.82-5.84), in Lake Harney (see Figures 5.85 and 

5.86), from Lake Harney to Christmas (see Figures 5.87 and 5.88), from Christmas to Cocoa (see 

Figures 5.89 and 5.90), and from Cocoa to Melbourne (see Figures 5.91 and 5.92). The total 

increase in groundwater discharge calculated in these segments is 4.11  10
6 

ft
3 

/day (30.7 mgd) 

(see Table 5.6 and Figure 5.93). The impacts that groundwater pumping has had on base flow 

range from approximately 2 percent in the LOR between Conner to Eureka to more than 14 

percent into Lake Jesup (Table 5.6). Surface-water inflows in these rivers are generally an order 

of magnitude greater than groundwater inflows, on an average basis (based on McGurk and 

Presley 2002), and thus the impacts of groundwater pumping on average river flows, made up of 

surface-water and groundwater inflows, on a percentage basis would be about an order of 

magnitude less than these estimates. 
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Figure 5.71. Impacts of pumping on groundwater discharge and recharge in the lower 

Ocklawaha River from Eureka to Conner 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.72. Impacts of pumping on net groundwater discharge in the lower Ocklawaha 

River from Eureka to Conner 
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Figure 5.73. Impacts of pumping on groundwater discharge and recharge in the St. Johns 

River from Astor to Deland 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.74. Impacts of pumping on net groundwater discharge in the St. Johns River 

from Astor to Deland 
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Figure 5.75. Impacts of pumping on spring discharge in the St. Johns River from Astor 

to Deland 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.76. Impacts of pumping on groundwater discharge and recharge in the St. Johns 

River from Deland to Sanford 
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Figure 5.77. Impacts of pumping on net groundwater discharge in the St. Johns River 

from Deland to Sanford 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.78. Impacts of pumping on spring discharge in the St. Johns River from Deland 

to Sanford 
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Figure 5.79. Impacts of pumping on groundwater discharge and recharge in Lake 

Monroe 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.80. Impacts of pumping on net groundwater discharge in Lake Monroe 
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Figure 5.81. Impacts of pumping on spring discharge in Lake Monroe 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.82. Impacts of pumping on groundwater discharge and recharge in Lake Jesup  
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Figure 5.83. Impacts of pumping on net groundwater discharge in Lake Jesup 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.84. Impacts of pumping on spring discharge in Lake Jesup 
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Figure 5.85. Impacts of pumping on groundwater discharge and recharge in Lake 

Harney 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.86. Impacts of pumping on net groundwater discharge in Lake Harney 
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Figure 5.87. Impacts of pumping on groundwater discharge and recharge in the St. Johns 

River from Lake Harney to Christmas 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.88. Impacts of pumping on net groundwater discharge in the St. Johns River 

from Lake Harney to Christmas 
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Figure 5.89. Impacts of pumping on groundwater discharge and recharge in the St. Johns 

River from Christmas to Cocoa 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.90. Impacts of pumping on net groundwater discharge in the St. Johns River 

from Christmas to Cocoa 
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Figure 5.91. Impacts of pumping on groundwater discharge and recharge in the St. Johns 

River from Cocoa to Melbourne 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.92. Impacts of pumping on net groundwater discharge in the St. Johns River 

from Cocoa to Melbourne 
 

 

Table 5.6. Impacts of pumping on net groundwater discharge in the lower Ocklawaha 

and St. Johns rivers 

Segment Initial No Pumping % Increase 

LOR (Conner to Eureka) 0.361 0.361 2.27 

SJR (Astor to Deland) 7.420 7.420 5.01 

SJR (Deland to Sanford) 17.200 17.200 9.90 

SJR (Lake Monroe) 3.820 3.820 9.60 

SJR (Lake Jesup) 3.960 3.960 14.31 

SJR (Lake Harney) 4.090 4.090 9.20 

SJR (Lake Harney to Christmas) 5.020 5.020 10.12 

SJR (Christmas to Cocoa) 1.760 1.760 10.40 

SJR (Cocoa to Melbourne) 0.449 0.449 2.87 

Totals: 44.1
 

48.2 
 

Increase:  4.11
 

Note: LOR = Lower Ocklawaha River and SJR = St. Johns River; units of discharge x 10
6
 ft

3
/day 
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Figure 5.93. Impacts of pumping on net groundwater discharge in selected segments of 

the lower Ocklawaha and St Johns rivers 
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5.5.0 SUMMARY, DISCUSSION AND RECOMMENDATION 

5.5.1 SUMMARY OF INVESTIGATION 

The analysis described in this report was a screening-level evaluation of the potential 

impacts that proposed surface-water withdrawals would have on groundwater discharge in 

selected segments of the LOR and SJR.  The investigation was aimed at assessing the hydraulic 

connection between the groundwater system and the LOR and SJR and evaluating the impact of 

the potential withdrawal of 262 mgd on groundwater discharge and chloride flux into the rivers.  

Two of the District’s existing regional groundwater flow models, the north-central Florida (NCF) 

and east-central Florida (ECF) models, were used to estimate the groundwater discharge and 

chloride fluxes that occur between the groundwater and surface-water systems.  Data obtained 

from monitoring wells and the District’s chloride map were used to represent chloride concentra-

tions in the upper Floridan aquifer in the study area.  To quantify increases in groundwater 

discharge and chloride flux that potentially will occur in response to lowered river stages in the 

relevant segments of the LOR and SJR, the calibrated 1995 river and lake levels and spring dis-

charge heads in the groundwater models were assumed to represent an initial condition relative 

to the potential surface-water withdrawals.  To represent the effects of the surface-water with-

drawals, the river and lake levels and spring discharge heads in the models were lowered in 

increments of 0.25 ft up to 1.00 ft from the initial (1995) condition in the areas under considera-

tion for surface-water withdrawals along the LOR and SJR.  Each lowering of the water levels 

and discharge heads was considered to represent one scenario, and five scenarios representing 

five different river stages (including the initial condition) were simulated with each groundwater 

flow model.    

Water-surface profiles for the selected scenarios for the LOR in the segment from Conner 

to Eureka were created and imposed onto the selected model boundary cells of the NCF regional 

groundwater flow model.  Groundwater discharge and recharge in the LOR from Eureka to 

Conner were simulated for the selected scenarios.  The simulated net discharge into the river 

cells that represent this part of the LOR increases linearly from 3.61 x 10
5
 ft

3
/day for the initial 

condition to 5.50 x 10
5
 ft

3
/day for the 1.00-ft change in river stage.   

Water-surface profiles for the selected scenarios for the SJR were created and imposed 

onto the selected model boundary cells of the NCF regional groundwater flow model for one 

segment from Deland to Astor.  Similarly, water-surface profiles for the selected scenarios for 

the SJR from Melbourne to Deland were created and imposed onto the selected model boundary 

cells of the ECF regional groundwater flow model for seven segments from Deland to 

Melbourne, namely Deland to Sanford, Lake Monroe, Lake Jesup, Lake Harney, from Lake 

Harney to Christmas, from Christmas to Cocoa, and from Cocoa to Melbourne.  The three largest 

percentage increases in the net groundwater discharge per foot of drawdown in the SJR are in the 

segments from Cocoa to Melbourne (32.94%), Astor to Deland (14.93%), and Christmas to 

Cocoa (14.10%).  The magnitudes of the discharge values that would result from one foot of 

drawdown are greatest in the segments from Deland to Sanford, Astor to Deland, and Lake 

Harney to Christmas.   

The chloride fluxes between the upper Floridan aquifer and the areas of the LOR that 

would be affected by the surface-water withdrawals were calculated by multiplying the discharge 
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values of each river boundary cell in the model segment between Eureka and Conner by the 

chloride concentration of that cell.  The simulated chloride flux discharged into the river cells 

that represent this segment of the LOR increases linearly from 267 kg/day for the initial condi-

tion to 309 kg/day for the 1.00-ft change in river stage.  The simulated discharge values in the 

river and drain cells (which represent springs) in the NCF model and corresponding chloride 

concentrations were used to calculate the chloride flux into the segment along the SJR between 

Astor and Deland, and the simulated discharge values in the river, drain, and constant head cells 

(which represent lakes) in the ECF model and corresponding chloride concentrations were used 

to calculate the chloride fluxes into the seven segments along the SJR between Deland and 

Melbourne.  The three largest percentage increases in the chloride flux per foot of drawdown in 

the SJR are in the segments from Cocoa to Melbourne (33.69%), Astor to Deland (17.82%), and 

Christmas to Cocoa (14.08%).  The magnitudes of the chloride fluxes that would result from one 

foot of drawdown are greatest in the segments from Lake Harney to Christmas, Deland to 

Sanford, and in Lake Harney.   

Simulations also were performed to estimate the impacts that groundwater pumping in 

the study area has had on base flow in the segments of the LOR and SJR that would be affected 

by the potential surface-water withdrawals.  No-pumping scenarios were run for the NCF and 

ECF models, and the resulting increased discharges in the river, lake, and constant-head cells 

that represent the potentially affected segments of the LOR and SJR were compared to the 

corresponding discharges in the calibrated 1995 simulations for these models.  Differences 

between the no-pumping and 1995 discharges were attributed to groundwater pumping in the 

study area.  Following this procedure, base-flow reductions due to pumping were calculated for 

the LOR for the segment from Eureka to Connor and for the SJR for the seven segments from 

Astor to Melbourne.  Also, the percentage increase in the net groundwater discharge for each 

segment was calculated.  The impacts that groundwater pumping has had on base flow range 

from approximately 2 percent in the LOR between Conner to Eureka to more than 14 percent 

into Lake Jesup.  Surface-water inflows in these rivers are generally an order of magnitude 

greater than groundwater inflows, on an average basis, and thus the impacts of groundwater 

pumping on average river flows, made up of surface-water and groundwater inflows, on a 

percentage basis would be about an order of magnitude less than these estimates.            

5.5.2 DISCUSSION  

The maximum 1.00-ft change in river stage, selected to provide a maximum range of 

responses to the potential surface-water withdrawals, is significantly greater than the actual 

decrease in river stage that is anticipated to be on the order of a few tenths of a foot.  Thus, the 

increases in discharge and chloride flux that may actually occur should be well within the ranges 

of the simulated discharges and chloride fluxes and likely will be at the lower end of the simu-

lated ranges.  The simulated discharges and chloride fluxes are linearly proportional to the 

changes in river stage within the ranges investigated, and, thus, discharges and chloride fluxes 

can be linearly interpolated for any decrease in river stage within these ranges. 

In simulating the response of major springs to the potential lowered river stages, it was 

assumed that Ponce de Leon, Gemini, and Green springs were hydraulically connected directly 

to the SJR and that the elevations of the discharge heads in these springs would decline by the 

same amount as the stage in the river.  Actually, flows at Ponce de Leon and Gemini springs are 
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regulated by reservoirs and weirs, and Green Springs discharges into a spring run approximately 

0.25 miles from Lake Monroe.  Consequently, the resulting decreases in discharge-head eleva-

tions at these springs may not be as great as the simulated decreases, and the increases in dis-

charges and chloride fluxes may not be as great as the simulated results.  The approach utilized 

in this investigation is considered a conservative approach, because it maximizes the simulated 

increases in discharge and chloride fluxes at these springs.   

In calculating the potential impacts of the surface-water withdrawals, the analysis con-

sidered selected segments of the SJR along the main channel of the river but did not include 

impacts on tributaries of the SJR.  Thus, impacts on tributaries such as the Wekiva River, which 

discharges into the SJR near Sanford, were not in the scope of investigation and were not con-

sidered in this screening level evaluation.  Also, impacts on springs such as Alexander Springs in 

Lake County, which discharges into Alexander Springs Creek approximately 10 miles from the 

SJR, were not considered in this analysis, because of the relatively large distance from the spring 

to the segment of the SJR that potentially would be impacted by the surface-water diversion.       

5.5.3 RECOMMENDATION 

The increases in groundwater discharge into the selected segments of the LOR and SJR 

were simulated using the District’s NCF and ECF groundwater flow models, which were both 

calibrated to steady-state (i.e., annual average) 1995 conditions.  Thus, the simulated increases in 

discharge and chloride fluxes that were calculated based on the discharge values represent 

responses that would occur relative to average annual hydrologic conditions in the LOR and SJR 

basins, including relatively large river flows compared to groundwater inflows and proposed 

surface-water diversions.  The analysis described in this report did not consider low flow condi-

tions, in which river flows would be a proportionally smaller component of the proposed surface-

water diversions and groundwater inflows would necessarily be a proportionally larger com-

ponent of the proposed surface-water diversions.  During such low flow conditions, the amount 

of groundwater that could be obtained from the Floridan aquifer system and the chloride con-

centrations of the groundwater along parts of the SJR would be important considerations relative 

to the proposed surface-water diversions.  These considerations should be included in subse-

quent, more detailed analyses of the impacts of the proposed surface-water diversions.       
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1.1  Introduction  

  

The St. Johns River Water Management District (SJRWMD) is evaluating the potential 

cumulative environmental effects on the St. Johns River of withdrawing water from the 

St. Johns River and the Ocklawaha River to help meet the projected growth in water 

demand for public use (Lowe et al., Introduction, this volume).  The work described in 

this chapter focuses on potential effects caused by alterations in the biogeochemical 

dynamics of wetland organic soils. 

  

Riparian wetlands provide many important ecological functions to a river system 

including areas for foraging, refuge, and nesting.  This work concentrates on the 

wetlands’ dynamic hydrologic and biogeochemical interactions with waters from 

adjacent upland areas and floodwaters of the river, especially on the changes in the  

release of chemical constituents to floodwaters and the atmosphere.   

  

When an organic soil (e.g., histosol) is flooded, the rate of oxygen diffusion through the 

water column and interstitial water is insufficient to support the rate of oxygen 

consumption from the decay of organic material.  The soil then becomes anoxic. The rate 

of decomposition is much reduced under anoxic conditions.  In areas with long 

inundation periods, organic matter accumulates because the annual total loss of organic 

matter from decomposition is less than the total gain of organic matter from 

allochthonous and autochthonous production.  The net accumulation of organic matter 

becomes a sink for nutrients, metals, and carbon.  The accreting organic soils, by 

capturing some of the nutrients and metals from upland and out-of-bank waters, reduce 

loads to the river.  Over time, these soils may develop large pools of stored organic 

matter and associated nutrients and metals.   

  

Exposure of histosols in the dry season increases the rate of oxygen supply.  This 

facilitates higher rates of decomposition which, in turn, increases the mineralization and 

upon reflooding, the release of nutrients, carbon dioxide, and dissolved forms of carbon.  

A reduction of flow in the river, with its concomitant lowering of stage or water level, 

will increase the duration of soil exposure, the frequency of exposure, or both.  For 

wetlands with histosols, reduced inundation causes increased decay and, consequently, 

reduced sequestration of nutrients and carbon.  With a sufficiently large reduction in 

inundation, the annual decay rate of organic matter will exceed its accretion rate.  

Previously stored material will begin oxidizing and the wetland can become a net source 

for these constituents rather than a net sink.  These events even occur in undisturbed 

systems on an infrequent basis 

  

Peatlands have a significant global role in carbon sequestration and storage.  Peatlands 

store twice as much carbon than all of the world’s forests even though they only cover 

about 3 percent of the earth’s surface (Parish, 2008).  It is important, therefore, to assess 

the effects of withdrawals from the river on several greenhouse gasses (GHG): carbon 

dioxide (CO2), methane (CH4), and nitrous oxide (N2O).  A detailed discussion of the 

relevant wetland biogeochemical dynamics along with a review of the pertinent recent 

research is included in toto in Appendix 1.A.    
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We identified seven potential environmental effects that could be caused by 

hydrologically-mediated alteration of the biogeochemistry of wetland histosols (Table 

1.1).  In phase one, the goal of the Biogeochemistry Group was to assess, to the degree 

feasible, whether any of these effects had such minimal environmental consequence as to 

be negligible or de minimis so that such effects could be safely removed from the list of 

concerns.  Additional data needed to improve estimates and clearly define environmental 

boundaries will be addressed and developed in phase two of this work.  

 

# Category Potential Effect Significance 
Environmental 

Criterion 
Environmental  

Threshold 
Hydrologic 

Linkage 
Hydrologic 
Criterion 

Hydrologic 
Boundary 

1 
Reduced soil 
accretion /  

Soil oxidation 

Reduced nutrient 
sequestration   / 

Release 
High 

Nutrient  
levels 

Chl a,  SAV 
TMDLs  &  

PLRGs 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

2 
Reduced soil 

accretion / Soil 
oxidation 

Dissolved Organic 
Carbon (DOC)  

release – inhibitors 
Unknown 

Suppression 
phytoplankton 
 or microbial 
community  

growth 

 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

3 
Reduced soil 

accretion / Soil 
oxidation 

Dissolved Organic 
Carbon (DOC)  

release – labile 
Unknown BOD 

Dissolved  
oxygen 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

4 
Reduced soil 

accretion / Soil 
oxidation 

Colored Dissolved 
Organic Matter 

 (CDOM) release –  
Color 

High 
Secchi, photic 

zone depth 
Chl a, SAV 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

5 
Reduced soil 

accretion / Soil 
oxidation 

pH changes Unknown 

Affects 
solubility of 

nutrients and 
metals 

Unknown 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

6 
Reduced soil 

accretion / Soil 
oxidation 

Metals  
complexation,  

release 
Unknown 

Changes in 
either limiting 
micronutrients  

or toxics 

Chl a, SAV 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

7 
Reduced soil 

accretion / Soil 
oxidation 

Reduced carbon 
sequestration 

Greenhouse gas 
releases 

Methane (CH4) 
Carbon Dioxide (CO2) 
Nitrous Oxide (N2O) 

High 

Governor’s 
 Climate  
change  

initiative 

Future 
Policy 

Directives 

Reduced 
Inundation  

allows more 
oxidation 

Percent change 
in inundation 

frequency 
TBD 

 

Column heading definitions: Category, topical grouping/mechanism; Potential Effect, potential environmental consequence 

of a withdrawal of water;  Significance, judgment of potential magnitude of adverse effect based on likelihood, persistence, 

and severity;  Environmental Criterion, analyte or characteristic of the effect to be measured or assessed;  Environmental 

Boundary, level of the environmental criterion that initiates significant adverse effects;  Hydrologic Linkage, mechanism or 

empirical relationship that connects a hydrologic consequence of water withdrawal to the environmental effect;  Hydrologic 

Criterion, hydrologic variable that quantifies the hydrologic linkage;  Hydrologic Boundary, level of the hydrologic criterion 

that initiates significant adverse environmental effects. 

 

Table 1.1  List of potential environmental effects caused by changes in wetland 

biogeochemical dynamics.  
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1.2  Methods 

  

This work is focused on nutrients and dissolved organic carbon because these 

constituents are expected to have the greatest effects on the river.  However, we reviewed 

a suite of other potential biogeochemical effects in order to evaluate their potential effects 

on the river.   

 

1.2.1  Release Rates 

The first step was a review of pertinent research and literature.  This was compiled by 

Drs. Ramesh Reddy and Alan Wright (Appendix 1.A).  This review provided estimates 

for the rates of nutrient and carbon releases to use in calculating the potential magnitude 

of increased loading to the river.  Release rates may be negative for steadily accreting 

constituents and are definitely more appropriate when most inputs occurs over a short 

period (such as during senescence) and slow release rates may occur at other times.   

 

The purpose here is to estimate the additional releases occurring under exposed 

conditions beyond those which would have occurred under flooded conditions.  The 

result is the net increase in releases due to lower water levels.  It is important here to 

emphasize that a few additional days of increased oxidation rates does not mean soil 

subsidence.  The organic soils are likely still accreting albeit at a slightly slower rate.  

Lacking evidence to the contrary,  the Minimum Flows and Levels (MF&L) methodology 

for preventing organic soil subsidence is assumed to be sufficient to prevent soil 

subsidence.  However, a change in the balance of flooded verses exposed days would, at 

minimum, change the sequestration sum for the year and that difference becomes a new 

load to the river; i.e. a load that was not there before because it was sequestered in the 

wetland soil. 

 

The purpose in this approach is to estimate how changes hydrologically-mediated 

biogeochemical dynamics in the organic soils may manifest themselves offsite;  e.g. in 

the river rather than in the wetland.  The effect may well be too small to be important 

onsite in a given square meter of the wetland, but the total cumulative effect of small 

inputs over many square kilometers of wetland can have a sizable effect on the river. 

 

The rates were derived from the best available information from studies and data giving 

heavier weight to information from the St. Johns River, then Florida, then semi-tropical 

areas.  Given limited site-specific data, Drs. Reddy and Wright utilized their considerable 

expertise in the field of biogeochemistry of wetlands to recommend the most suitable 

values for the release rates.  Particular data weaknesses will be addressed in phase two of 

this work.  Rates for the accumulation or release of select constituents from wetland 

histosols under flooded and exposed conditions are provided in Table 1.2.  The 

differences between these values were used to calculate the difference in release rates 
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between exposed or dewatered  and inundated states (Table 1.3).  The level of uncertainty 

in these rates will be a factor when assessing whether the potential for a specific 

environmental consequence is de minimis.    

 

 

 
Flooded Peatlands 

 
Parameter Site Rate Reference 

 
Peat accumulation Everglades  0.3 cm/yr Craft & Richardson, 1993 

 
CO2 emission Blue Cypress Marsh 0.3 g C/m

2
/d Reddy et al., 2006 

 
CH4 emission Blue Cypress Marsh 42 mg C/m

2
/d Schipper & Reddy, 1994 

 
N2O production Everglades 480 mg N/kg/d White & Reddy, 2003 

 
DOC release Everglades 380 mg C/m

2
/d Qualls & Richardson, 2003 

 
Total N release Everglades 38 mg N/m

2
/d Qualls & Richardson, 2003 

 
NH4 release Blue Cypress Marsh 460 mg N/m

2
/d Corstanje & Reddy, 2004 

 
NO3 release   Negligible   

 

P accumulation Everglades 
0.16 mg P/m

2
/d  

(60 mg P/m
2
/yr) 

Craft & Richardson, 1993 
 

SRP release Blue Cypress Marsh 109 mg P/m
2
/d Corstanje & Reddy, 2004 

 
 

Exposed Peatlands 

Parameter Site Rate Reference 

Peat subsidence Everglades Ag. Area 3 cm/yr Snyder, 2005 

CO2 emission Ohio 5.2 g CO2-C/m
2
/d Eldor & Lal, 2008 

CH4 emission Ohio 2.1 mg CH4-C/m
2
/d Eldor & Lal, 2008 

N2O emission Ohio 9.9 mg N2O-N/m
2
/d Eldor & Lal, 2008 

DOC release Everglades Ag. Area 460 mg DOC/m
2
/d Martin et al., 1997 

Total N release Everglades Ag. Area 380 mg N/m
2
/d Tate, 1976 

NH4 release Everglades Ag. Area 5.5 mg N/m
2
/d Martin et al., 1997 

NO3 release Everglades Ag. Area 14 mg N/m
2
/d Martin et al., 1997 

Total P release Blue Cypress Marsh 

0.187 mg P/ m
2
/d  

(26.6 mg P/m
2
/d  

after 142 days) 

Bostic & White, 2007 

SRP release Everglades Ag. Area 2.4 mg P/m
2
/d Martin et al., 1997 

 

 

Table 1.2  Selected rates for the accumulation or release of constituents under flooded or 

exposed conditions.  Extracted from Reddy and Wright (2008), Appendix 3.A1 

 

 

 

Estimated Net Releases During Exposed Period 

CO2 emission 4.9 g C/m
2
/d 

CH4 emission -39.9 mg C/m
2
/d 

N2O production -470 mg N/kg/d 

P accumulation -60 mg P/m
2
/yr 

DOC release 80 mg C/m
2
/d 

Total N release 38 mg N/m
2
/d 
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NH4 release -454 mg N/m
2
/d 

NO3 release 14 mg N/m
2
/d 

Total P release 0.35 mg P/m
2
/d 

 

Table 1.3   The calculated net release rates for various constituents under exposed 

conditions.  Additional information is located in Appendix 5.A 

 

1.2.2  Change in Hydrology 

The second step was to estimate the magnitude of the change in hydrology due to the 

proposed withdrawals.  This allowed calculation of the decrease in the average percent 

inundation of the wetland soils, which equates to the average increase in the number of 

days of soil exposure.   

 

The critical hydrologic metric is the increase in the annual average number of days that 

an organic soil is exposed.  This was calculated from stage-frequency curves under 

current and projected (i.e. with additional water withdrawals) conditions (fig. 1.1). The 

difference in percent inundation for a given elevation was converted to additional days by 

multiplying by 365.25.  The curves converge at higher water levels such that the effect of 

the withdrawals on inundation time is becomes smaller. 

 
 

  

Figure 1.1  Showing graphically how to determine additional duration of soil exposure 

with added withdrawals.  The green vertical line is at the 50% reference value and the 
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green horizontal line indicates the associated stage for current conditions.  The red 

vertical line represents the new percent of time that stage is inundated with a difference 

of about 2.5% which is equal to an additional 9.25 extra days of exposure annually. 

 

The effect of withdrawing water on histosols can be focused to the change in percent 

inundation within the range of 30 to 70 percent and still capture the great majority of the 

affected areas.  Field observations indicate that histosols experiencing exceedances below 

30 percent are either supported by seepage or runoff rather than river levels or 

predominantly accumulate recalcitrant carbon compounds.  These recalcitrant compounds 

are unlikely to be appreciably oxidized further by a few extra days of exposure.  Histosols 

experiencing exceedances greater than 70 to 90 percent tend to be located within the river 

channel or in a thin strip along the river edge.  In both cases, the area affected is small 

relative to the total area of the riverine floodplain.  This is supported by data from 

wetland transects (Mace, 2007: Mace, 2006).   

  

1.2.3  Affected Areas 

The next step was to estimate the affected area of organic soils for each river segment.  

This was accomplished using GIS data . Analysis was a combined effort of the AWS 

Biogeochemical and the Wetlands group.  Methodological details are in chapter 8 of this 

report. A brief explanation is below.   

 

The River was divided into nine segments based on a range of geological, ecological, and 

hydrological characteristics.  For each river section, elevation contours were used to 

identify floodplain wetlands: those materially influenced by river stage.  Wetlands 

significantly higher than the apparent floodplain will not be influenced by water 

withdrawals from the river because their hydrologies are dominated by slope seepage or 

tributary hydrology, neither of which would likely to be appreciably affected by moderate 

changes in river stage.   Wetlands without significant accumulations of histosols were 

also excluded because either these areas have little or no organic matter to lose or the 

small amount of organic matter present has likely experienced extended exposure and is 

largely resistant to further oxidation.  Finally, the soils of the floodplain wetlands were 

classified as sandy or loamy mineral, clayey mineral, or organic for the purpose of 

assessing decreased inundation effects (Kinser, chapter 6).  Only those floodplain 

wetlands with histosols will potentially be affected by river water withdrawals.  Figure 

1.2 provides an example of the resulting data for river segment five.  
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Figure 1.2  River segment 5 covering river kilometers 204 to 254 (between Lakes George 

and Monroe. 

1.2.4  Load Calculations 

Finally estimated increases in load to the river for each river section were calculated as 

the product of the rate of release for each constituent, the additional days of exposure, 

and the area of the organic soils that could be affected.  

 

Load to river (grams/year)  =  

 release rate (grams/sq. meter/day  x   

 affected area of organic soils  (sq. meters)  x  

 average additional days (days/year)  

 

Because loading effects will be greater in lentic areas (lakes) than in lotic areas, the 

assessment will focus on lentic effects.  The area used for the loading calculation to a 

lake will begin at the outflow of the upstream lake and include all of the potential area 

along the river and surrounding the lake.   

 

For each lake, we then compared the increased loading from increased oxidation of 

organic soils to current loads and Total Maximum Daily Loads (TMDLs) to assess 

whether or not the potential increase would be an appreciable proportion of the total load.  

  

1.2.5  Margin of Error 

Because there are no explicit margins of error in the aforementioned steps, the method 

was designed to represent a worst-case scenario.  This includes the assumptions that  

changes in hydrology in the  30-70 percent range,  counts soils with thin organic 

horizons, and also includes some wetlands far enough from the river that they are 

unlikely to be affected by river stage as much as by direct rainfall and upland seepage.  

Further, all of the calculated releases were modeled as direct loads to the river regardless 

of the travel distance through adjacent wetlands.  While all of the calculated releases may 

not become a direct load to the river, this assumption is not unreasonable because the 

rising river stages at the beginning of the wet season tends to flood most of the wetland 

area during  a short period. This means that most areas are releasing constituents at 
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similar times during rising levels at the beginning of the wet season so there is less 

opportunity for interception or absorption by intervening wetlands than would occur 

under stable flooded conditions.  Such large pulses of nutrients, metals, and DOC during 

these times are regularly observed in the Upper St. Johns. River Basin. 

 

As stated earlier, the Phase one goal of the Biogeochemistry Group was to assess, to the 

degree feasible, whether certain hydrologically-mediated biogeochemical effects have 

such minimal environmental consequence as to be negligible or de minimis and thus, can 

be safely removed from the list of concerns.  It is highly unlikely that the method we used 

would underestimate effects.  Therefore, de minimis effects in this analysis can safely be 

eliminated from further consideration.  Given a worse case scenario approach to the 

phase 1 work, it quite likely that some effects exhibiting levels of concern and retained 

for further consideration, will later prove to be negligible.  

 

 

1.3  Results 

1.3.1  Release Rates 

We found insufficient information to address several of the concerns listed in Table 3.1.  

These include the release or complexation of metals; the release of inhibitory or labile 

DOC, although CDOC can be estimated from DOC releases; however the DOC release 

rates are insufficient.  These constituents can be addressed in phase two with data 

collection.  Almost certainly, changes in pH will be de minimis as a direct effect; rarely 

changing overlying waters, much less large riverine systems.  However, changes in pH 

could be a key factor in the mobilization of other constituents, especially metals.  The 

accuracy of the remaining rates can be greatly improved with the collection of site- 

specific data.  To the extent feasible, this will be addressed in phase two. 

 

1.3.2  Changes in Hydrology 

Lower St. Johns River Basin (LSJRB).   We did not assess effects for the sections of the 

river in the LSJRB because the predicted changes in stage were very small..  Median 

river stages during 1995-2005 were not appreciably above sea level for more than 200 

kilometers from the river’s mouth (data from USGS; Figure 1.3).  Because the river is 

essentially at sea level water more than 50% of the time, withdrawals cannot materially 

affect the river stage.  When river stage is above the median, the withdrawals comprise 

only a very small percent of total flow and, therefore, have only slight effects on stage.  

Moreover, there is very low potential that increased exposure, if measurable, could have 

an appreciable effect relative to the overwhelming load carried by the river at flows 

above the median.  Thus, the very slight increased exposure of organic soils that might 

occur at high flows could not have any but a de minimis effect on this section of the river.  
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Figure 1.3  Median river stages for select USGS stations form 1995-2005. 

 

Middle St. Johns River Basin (MSJRB).   Predicted changes in river stage were also very 

small for the MSJRB.  However, there are large areas of organic soils that could be 

affected (Figure 1.2).  This is especially true for Lake Woodruff.  It is surrounded by 

organic soils that could generate additional loads and is off the main stem of the river 

such that the loadings generated could be a significant proportion of the total load.  

Unfortunately, hydrologic modeling was not completed for this portion of the river.  

Therefore, further assessment must wait until phase 2.  However, potential effects on 

Lake Harney will be addressed with the Upper Basin section because the vast majority of 

the potential additional loading to it is from riparian wetlands in the Upper Basin. 

 

Upper St. Johns River Basin (USJRB).  Approximately 90% (7 meters) of the river’s drop 

in water elevation occurs in the USJRB as measured by the median stages.  The weir at 

Lake Washington (Rkm 420) is south (upstream) of the first proposed withdrawal and 

prevents stage effects from propagating upstream.  Therefore, we limited our evaluation 

of effects in the USJRB to the portion of river from the Lake Washington Weir through 

Lake Harney (Rkm 310).  This includes Lake Harney and adjacent wetlands in river 

segment six; all of river segment seven (Figure 1.4) and the southern end of river segment 

eight as delineated by the Wetlands Work Group (Chapter 6).   
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Figure 1.4  River segments 6, 7, & 8 showing areas of soil types likely to be affected by 

river stages. 
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1.3.3  Affected Areas 

We subdivided the river segments to better account for differences among the lakes and 

changes in river slope.  This subdivision allowed us to estimate the additional load for 

each lake (Figure 1.5).  In keeping with the worst-case scenario, the entire 1.42 m
3
/s 

withdrawal was allocated to the most upstream sub-section at Lake Winder.  The 

additional days of exposure were calculated for each subsection.  The calculation was 

made from tables of percent inundation frequencies, as graphically described earlier 

(Figure 1.1).  Calculations were made at percent inundation frequencies of 30%, 50%, 

and 70%.  The longest period among these was used to remain conservative in our 

estimate.  The results of the calculations are presented in Table 1.4.  Also included in this 

table is the total area of histosols in each subsection.  Stage data were derived from an 

HSPF model of the entire upper basin (Jobes, In Prep).  The importance of the model was 

in predicting differences in stage with and without the AWS withdrawal rather than 

specific stage at any given time.  The model also allowed these assessments at some sites 

along the river that did not have long-term stage or flow gages.   
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Figure 1.5  Sub–sections names and boundaries of river used in calculating loads 
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 30% 50% 70% 
Sq km Organic 

Soils 

Winder 6.7 14.1 19.4 40.00 

Poinsett 6.1 12.6 17.8 53.42 

to 520 6.2 12.4 17.3 11.99 

to 528 5.4 11.0 14.3 16.08 

to 50 5.0 9.3 11.5 4.55 

Harney 3.2 7.1 10.2 2.86 

 

Table 1.4  Annual average number of additional days of exposure of organic soil for 

different sub-sections at different initial inundation frequencies and square kilometers of 

organic soil in each sub-section.  Values in bold were used in calculations 

 

1.2.4  Load Calculations 

 

Loads from each subsection were calculated as the product of the days exposed, the area 

affected, and the aerial rate of release.  For example, we calculated the potential average 

annual total phosphorus (TP) load increase due to the predicted hydrologic effect of an 

AWS withdrawal into Lake Winder by multiplying the greatest increase in exposure time 

for the sub-section upstream and surrounding Lake Winder (19.4 days) by the potentially 

affected area (40,000,000 square meters) and by the projected net release rate for TP ( 

0.00035 g P/m
2
/day). 

 

 19.4 days x 40,000,000 m
2
 x 0.00035 g P/m

2
/day = 271,600 grams P/year 

 

This is a significant potential effect since it could produce  an increased load of up tp 272 

Kg/y to a lake that’s outflow needs to be reduced by 46 Mg/y to meet its Total Maximum 

Daily Load (TMDL) (Gao, 2006).   
 

Most rates in the literature were from drained Peatlands that had been, or are being, 

farmed or had been drained for an unknown length of time.  Furthermore, release rates 

were for the rates after reflooding rather than the increase in the mass released after 

reflooding due to each day of exposure.  For instance, the rate used in the equation above 

was derived from a rate for drained peat of 26.6 mg P/m2/d (Bostic & White, 2007) that 

was a short term average daily P release rate after reflooding rather than the just the 

increase in the mass of P that would be released after reflooding caused by the 142 days 

of drained conditions.  Therefore, this rate was divided by the number of drained days to 

provide an estimate of the incremental increase in P release with each day of exposure. 

An analysis based on the more appropriate release rates for more natural wetlands during 

the dry season may vary significantly.   
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This problem exists for nearly all of the drained peat release rates so the results do not 

provide any confidence that there will be problems but it certainly prevents a conclusion 

that the effects are de minimis.  Since we cannot determine that the environmental effects 

are negligible and since the rates are suspect, we did not calculate the rest of the potential 

loadings. 

 

 

1.4  Conclusions 

 

We have proposed and applied a method for assessing potential environmental effects 

caused by reduced inundation of wetland histosols and the resultant changes in release 

rates of nutrients and other constituents from the soils.  Our initial, worst case assessment 

indicates that biogeochemical effects in the MSJRB and the USJRB could be significant.  

In Phase 2, this work will be refined by using data on rates that is more relevant to 

wetland histosols that have not been drained for long periods of time.  

 

We conclude that there is no reasonable likelihood of significant biogeochemical effects 

in the LSJRB derived from increased exposure of wetland histosols because, here, river 

stages will not be materially affected by water withdrawals.  At low flows, river stage is 

strongly controlled by sea level rather than flow rate.  At high flows, the water 

withdrawals become a very small proportion of the total river flow and, consequently, 

also will have no material effect on stage (see Sucsy et. al., Volume 1).  Even if there 

were some small increase in average release rates, given the potential area of contributing 

soils relative the magnitude of the river flow in this reach, the proportional increase in 

loading would be negligible  
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1.0   Introduction 
 
Riparian wetlands and associated floodplain areas are ecologically important parts of the 
landscape.  By virtue of their low-lying position in the landscape, these areas receive hydrologic 
and nutrient inputs from adjacent upland areas. The retention of floodwater in these areas during 
wet seasons, originating from surface and subsurface inflows, results in decreased rates of 
organic matter decomposition and consequently increased accumulation of organic matter and 
accretion of nutrients.  Because of their relatively high primary production and low 
decomposition rate relative to upland ecosystems, wetlands are considered net sinks for organic 
carbon (C) and nutrients.  Hydrologic alterations resulting from water-level drawdown in 
adjacent water bodies or drought can result in reversal of anaerobic conditions to aerobic 
conditions.  Environmental factors such as water-table fluctuations and fire can alter the 
biogeochemical cycling in soil and water column and result in pulsed release of nutrients into 
water column.     
 
A number of biogeochemical processes functioning in the soil, detritus/litter layer, and water 
column respond rapidly to hydrologic alternations and nutrient loading.  Water column nutrient 
concentrations change rapidly and can be highly variable.  However, water column nutrients are 
in direct contact with microbial communities associated with periphyton and plant detritus in the 
water column, and any changes in composition and activities of these materials may provide an 
indication of recent impact (< 3 years) by hydrologic alteration and nutrient loading.  Since plant 
detritus and soil components function as major storage and supply much needed nutrients to 
biota, it is important to identify and quantify the key biological and chemical processes affected 
by hydrologic alteration and nutrient loading.  Carbon, nitrogen (N), phosphorus (P), and sulfur 
(S) are the basic biogeochemical cycles regulating many processes in the soil and water column 
of an ecosystem and the majority of these processes are mediated by microbial activities. 
 
Organic soils (histosols) are naturally productive and contain large amounts of organic C and 
associated nutrients.  These soils are poorly drained and have high water holding capacities.  In 
many areas of the United States, these organic soils were formerly wetlands, which were drained 
for use in agriculture.  Globally, peatland area is estimated to be in the range of 388 to 408 
million hectares (ha)., and approximately 25 million ha of peatland has been drained and 
developed for agriculture and forestry (Armentano and Verhoeven, 1988).  Peat lands have 
become a vast global carbon pool, holding approximately 390 gigatons (GT) of terrestrial carbon 
or 28% of the global soil carbon stock (Jenkinson et al., 1991).  A classic example, is the 
drainage of more than one million acres of organic soils in South Florida for use in agriculture 
(sugarcane, vegetables, and other crops).  Because these soils have high water holding capacity, 
they are artificially drained when used for agriculture and the drainage water is often pumped 
into adjacent wetlands and aquatic systems.  Overall loss of peat soil as the result of biological 
oxidation and subsidence was estimated to range from 1.4 to 2.54 cm/year (Shih et al., 1997), 
subsidence rates up to 3.4 cm/year were observed in New Zealand peatlands (Schipper and 
McLeod, 2002).  Drainage of these soils produces substantial amounts of dissolved organic and 
inorganic nutrients, causing serious environmental concern.    
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Agricultural lands (in many cases drained peatlands) adjacent to ecologically sensitive aquatic 
systems are now being acquired by state and federal agencies, and in many cases, these areas are 
converted back to their natural conditions.  Many of these lands were once intensively used for 
agriculture with continuous application of fertilizers and pesticides for a number of years.  The 
first step in the restoration efforts of these lands is the re-establishment of hydrology through 
flooding in an attempt to convert them into wetlands.  Initial flooding of these lands poses 
potential water quality problem as the dissolved nutrients stored in these soils are rapidly 
released into the water column.  With time after flooding, hydrophytic vegetation becomes 
estabilished with macrophyte communities such as Typha, Sagittaria, Polygonum, Panicum, 
Pontedaria, and others, and may aid in reducing the dissolved constituents through uptake and 
breakdown.   
 
Water level drawdown or drainage of wetlands can produce major changes in soil physical, 
chemical, and biological properties.  Organic soils in wetlands are developed under conditions 
where organic matter accumulation exceeded decomposition.  These wetlands were usually 
delineated as under flooded or seasonally flooded conditions, which limited microbial 
decomposition rates.  Deposition and accumulation of plant material in the soil over time 
resulted in organic matter accumulation.   Maintenance of these organic soils then depends on the 
continuation of processes that led to its development.  Many of the organic soils formed in 
riparian areas or as wetlands, and as such they serves as C sinks (Holden et al., 2004).  As these 
wetland areas were drained for water control, agriculture, or other uses, the primary processes 
leading to the development of organic soils was removed, thus these areas became sources of C 
to the atmosphere (Holden et al., 2004).  As a consequence, decomposition of organic matter 
often exceeded accumulation, leading to decreases in soil depth and changes in soil properties 
(Snyder, 2005).  Other major concerns of drainage of organic soils include the release of 
nutrients contained with organic matter and potential loss of mineralized nutrients to proximal 
ecosystems.  To understand processes occurring after drainage of organic soils, it is important to 
understand organic matter decomposition and how it is affected by hydrologic conditions 
(flooding, drying) and effects of decomposition on nutrient generation from organic matter and 
ultimately its cycling in soils and water.  For example, in Florida, organic soils (peat lands) 
formation in the Everglades Drainage Basin and the Upper St. Johns River Basin (USJRB) is the 
result of accumulation of organic matter from plant materials over several thousand years. The 
stability of these soils is highly dependent on hydrology as their formation is due to the 
historically extended hydroperiod of the USJRB floodplain wetlands (Reddy et al., 2006). In 
some regions of the USJRB, the hydrology of the floodplain has been dramatically altered, 
resulting in substantial losses of organic soils.  Hydrologic factors of importance include water 
depth, duration and timing of flooded and unflooded periods, and depth of water table during 
unflooded periods. In earlier studies at Hopkins Prairie  located in the Ocala National Forest 
in central Florida, showed that water table fluctuations  had significant effect on nutrient 
concentrations and select nutrient transformations including nitrification and denitrification and 
sulfate reduction (Graetz, 1991; Greaetz et al., 1992). 
 
The purpose of this review is to determine the potential effects of water withdrawals from the St. 
Johns River on biogeochemical cycling of C and associated nutrients in floodplain soils and its 
impact on water quality, C and nutrient sequestration, and greenhouse gas emissions.  
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2.0 Physico-chemical Characteristics of Floodplain Soils 
 
In wet mineral floodplain soils approximately 50% of the soil volume is solids, while the 
remaining 50% is occupied by water.  In wetland organic floodplain soils, a large proportion (up 
to 90%) of the soil volume is occupied by water, with soil organic matter and mineral matter 
occupying <20%.  The presence of wetland vegetation in these soils suggests the degree of soil 
wetness and intensity of anaerobic soil conditions.  Relative proportions of air and water per unit 
volume of soil depend on soil type, and hydrologic conditions (such as rainfall, irrigation or 
water table).  For example, the better drained, coarse textured soils have high oxygen (O2) 
content in the soil pores, while poorly drained soils (fine textured soils) have low O2 content.  
These conditions can result in temporary waterlogging conditions in the soil and depending on 
the retention time of water, these soils can assume the characteristics of wetland soils.  Similarly, 
organic soils have high water-holding capacity, and during heavy rainfall events and at high 
water table depths these soils become completely saturated.  To obtain optimal moisture content 
for growing crops, organic soils are artificially drained with an extensive system of drainage 
canals, such as those observed in the Everglades Agricultural Area of South Florida, which 
provided evidence for effects of drainage on export of nutrients and dissolved organic matter to 
aquatic systems.  Similar effects would likely occur for water withdrawals from the St. Johns 
River system. 
 
High soil organic matter content of wetland soils decreases soil bulk density as compared to 
upland soils.  Under most wetland soil conditions, reduction of various electron acceptors 
consumes protons, resulting in increase in soil pH.  Typically, many wetland soils maintain pH 
around neutrality. 
 
3.0 Oxidation-Reduction Reactions 
 
Flooded soils exhibit defined redox gradients, ranging from aerobic environments at the surface 
with redox potential values in the range of 300 to 600 mV.  Oxygen diffusion is slow through 
flooded soils, so it is rapidly consumed and does not persist below the surface.  The availability 
of electron acceptors other than O2 then controls the redox gradients in wetland soils.  Nitrate, 
oxidized forms of iron and manganese, sulfate (SO4), and carbonates drive redox chemistry in 
the absence of O2 (Figure 2).  Drainage or water level drawdown completely alters redox 
chemistry by increasing soil exposure to O2, which increases most rates of microbial processes 
and nutrient cycling, such that organic matter decomposition and nutrient regeneration are 
increased considerably.  In this case, O2 is used as an electron acceptor in preference to others, 
such that processes regulated by redox chemistry in flooded soils are disrupted.  Dissolution of 
sorbed elements and chemicals, which may have been stable under flooded conditions, may 
become soluble when the soil is exposed, thus exposure  has a marked effect on redox conditions 
and dependent processes. 
 
Draining of flooded soils has a significant impact on diffusion of oxygen (O2) and other gases.  
Due to low diffusion rates through water, flooded soils have low O2 concentrations because the 
small amounts diffusing through soil are rapidly consumed.  Diffused O2 is evident only in the 
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top few mm of flooded soils, which has the effect of rendering the majority of soil anoxic.  Some 
wetland plants can aid in O2 diffusion by transporting atmospheric O2 to the soil via aerenchyma 
tissue.  However, O2 is rapidly consumed and does not persist for long periods of time under 
flooded conditions.  Drainage forces the soil to change from an anoxic (anaerobic) to oxic 
(aerobic) system, whereby most processes increase in rate, including increases in O2 diffusion 
into soil and changes in redox chemistry, which enhances rates of nutrient cycling and microbial 
activity and alters redox chemistry, which may ultimately increase nutrient generation from soils.  
Drainage of riparian wetland soils would impact the river through stimulation of biogeochemical 
processes in the expanded aerobic layer of wetland soils, as evidenced by increased organic 
matter decomposition and nutrient release.  

 
Saturated or flooded soil conditions results in distinct zones; O2 free soil zones, sharp O2 
gradients at the soil/litter and water column interface, and floodwater containing O2.  These 
conditions result in diffusion of O2 to the anoxic sites, and consumption of O2 by the anoxic site.  
The O2 concentration in floodwater varies both spatially and temporally and is often present at 
saturation levels during the photosynthetic period.  Slow O2 diffusion rate in the water and high 
O2 demand by soil, result in consumption at the soil surface, and formation of thin oxidized or 
aerobic layers.  Under poorly drained or low water-table conditions or flooded soil conditions, 
two distinct soil zones are created: an aerobic soil layer - where aerobic microbes are involved in 
biogeochemical reactions and O2 is used as an electron acceptor, and an anaerobic soil layer 
where facultative anaerobes and obligate anaerobes function.  In this second layer where O2 is 
absent, nitrate (NO3), oxides of iron and manganese, SO4, and carbon dioxide (CO2) are used as 
alternate electron acceptors to support distinct groups of microorganisms.  The aerobic layer at 
the soil-floodwater interface is not a fixed layer, as it varies within a given day depending on 
photosynthetic activity in the water column, and the concentration of O2 consuming reduced 
compounds (Figure 1).    
 
Depending on the hydrologic regime, wetland soils often alternate between drained and flooded 
soil conditions.  Gas exchange between the atmosphere and soils is regulated by the hydrologic 
regime.  In drained soils, the majority of the soil pores is filled with air and is interconnected to 
the atmosphere.  This allows rapid exchange of gases including O2 between atmosphere and soil 
pore spaces.  The transport of O2 in a well drained soil is sufficient to supply O2 needed to 
support the growth of microbial and plant populations.  Soils remain at high redox potential (Eh) 
levels (>300 millivolts [mV]) in the presence of O2.  Gas exchange in these soils prevents the 
depletion of O2 and excessive accumulation of CO2 in the soil profile.  Typically, O2 flux is 
always from the atmosphere to soil, as the O2 concentrations are lower in soil pore spaces than 
the atmosphere above the soil surface.  The CO2 flux is always from soil to the atmosphere as its 
concentration is typically higher in soil pores than the atmosphere above the soil surface.  The 
exchange of these gases is due to diffusion (in response to partial pressure gradients of individual 
gases) and mass flow (in response to total pressure gradients of all gases). 
 
When soils are saturated with water, maintained with a high water-table, or flooded, pores are 
filled with water and dissolved O2 is rapidly consumed during microbial respiration.  Under these 
conditions, O2 is introduced into the soil profile through diffusion and mass flow through the 
water column and diffusion and mass flow through plants.  The O2 concentration in floodwater 
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varies both spatially and temporally and is often present at saturation levels during the 
photosynthetic period.  Subsequent diffusion of O2 into soil profile depends on soil 
characteristics and the concentration of O2 demanding species.  Depending on the hydroperiod, 
the water table can fluctuate leaving the upper portion of the soil unsaturated.  Upon short-term 
flooding, saturated soil conditions can also exist in poorly drained soils and these soils exhibit 
the same biogeochemical characteristics as wetland soils.  In areas with deeper water columns, 
vertical stratification can occur in surface water, with low O2 levels at the soil-floodwater 
interface.  However, for wetlands with emergent macrophytes, shallow water depths of <1m are 
common, and the water column in these areas is usually well mixed. 
 
Basically, O2 is scarcely detected in flooded soils below the soil/atmosphere or soil/floodwater 
interface because it is the favored electron acceptor and is preferentially consumed by 
microorganisms.  Because of it slow diffusion through water, flooding prevents O2 intrusion in 
soil, thus development of gradients in concentrations and utilization of alternate electron 
acceptors develop.  Drainage or water withdrawals disrupts these patterns, as O2 penetration is 
now much deeper as the aerobic/anaerobic interface shifts down the water table depth.  
Following drainage, O2 is rapidly consumed and easily resupplied by the atmosphere, thus 
processes are occurring much more rapidly than under flooded conditions.  Results such as 
increased decomposition of organic matter, greater nutrient mineralization, greater CO2 
production and emission, and altered elemental adsorption/desorption reactions are the effects of 
increases in exposure to O2.  Water withdrawals may increase the frequency of soil exposure and 
exacerbate these conditions. 
 
The main effect of drainage on flooded soil is the increased exposure to O2, which increases its 
penetration into deeper soil, stimulating changes in redox chemistry and enhancing organic 
matter and nutrient cycling.  The importance of this interface is most evident by changes in the 
depth at which O2 diffused. Whereas the interface in flooded soils typically occurs in the top few 
mm of soil, O2 can penetrate much deeper, depending on water-table depth and fluctuations.  The 
aerobic/anaerobic interface these shifts from the soil/floodwater interface to levels based on the 
depth of the water-table.  Thus, drainage exposes more volume of soil to O2 and drastically alters 
the conditions which led to development of wetland soils.  Increases rates of organic matter and 
nutrient turnover resulting from water withdrawals will likely lead to greater exports of these 
mineralized nutrients and dissolved organic matter (DOM) from wetlands to adjacent aquatic 
systems. 
 
4.0 Microbial Communities and Biomass 
 
Wetlands host complex microbial communities, including bacteria, fungi, protozoa, and viruses.  
The size and diversity of microbial communities are directly related to the quality and quantity of 
resources available in their habitat.  Many of these communities may respond rapidly to 
disturbances such as hydrologic alternations (water level drawdown), drought, hurricanes, fire, 
and/or external nutrient loading.  Since microbial activity is greater in aerobic than anaerobic 
soils, the increased frequency of soil exposure resulting from water withdrawals will enhance 
microbial biomass and enzyme production and activity, which will stimulate organic matter 
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decomposition and nutrient regeneration, and depending on vegetation and hydrologic 
conditions, may export nutrients and DOM to the St. Johns River. 
 
Wetlands support diverse microbial communities because of the abundance of organic substrates 
and supply of different types of inorganic and organic electron acceptors (Figure 3).  For 
example, wetlands support microbial communities that utilize a wide range of organic substrates 
and different electron acceptors including, O2, NO3, iron and manganese oxides, SO4, and 
carbonate (HCO3

-) (Reddy and Delaune, 2008).  Microbial communities derive energy by 
coupling oxidation of organic and inorganic donors with the reduction of electron acceptors.  The 
aerobic populations are restricted to the plant detritus layer and periphyton mats in the water 
column and to the surface soil (few millimeters), while anaerobic populations dominate most of 
the soil profile.  Oxygen concentrations in the litter layer and attached periphyton mats vary 
within a day as a result of photosynthetic activities (DeBusk and Reddy, 1998).  In addition, 
macrophyte capacity to transport O2 to the root zone also supports aerobic populations in the 
rhizosphere.  Electron acceptors such as O2 are added to the soil as a result of lowering of the 
water-table (draining), while other electron acceptors (such as NO3 and SO4) are added through 
hydraulic loading to the system. For example, in wetlands of the St. Johns River Basin, 
agricultural drainage water contains significant levels of NO3 and SO4.  Groundwater is another 
source of SO4 to these wetlands.  Iron and manganese oxides are not important electron acceptors 
in these wetlands as their availability is limited.  Because of the limited supply of many of these 
electron acceptors, the dominant microbial activity in anaerobic zones is methanogenesis, where 
microbes utilize HCO3

- as their electron acceptor.   

Decomposition of standing dead material and possibly litter in aerobic zones of the water column 
may be dominated by fungi.  Basidiomycetes (white-rot fungi) are the predominant decomposers 
of lignin in terrestrial ecosystems, and may occur in wetlands under aerobic conditions.  It has 
been suggested that the ratio of fungal to bacterial biomass is related to the overall efficiency of 
substrate utilization by decomposers.  Oxygen is used as an oxidant by extracellular enzymes to 
break down compounds which are generally recalcitrant to anaerobic decomposition (e.g., 
lignocellulose), resulting in the release of more easily degradable compounds.  Depending on 
hydroperiod, these released compounds may be degraded either aerobically or anaerobically.  
Also, during drainage, NO3 and SO4 can accumulate and be used as alternate electron acceptors 
after reflooding (Reddy et al., 2006).  
 
The majority of organic matter in aquatic sediments is composed of complex, high molecular 
weight compounds (Chrost, 1991), but only small molecular weight compounds dissolved in 
soil solution can pass through the microbial cell membranes and enter microbial cells from 
the soil environment.  Dissolved organic C (DOC) consists of proteins, amino acids, 
polysaccharides, and more refractory compounds of unknown structure.  Only a small 
percentage of DOC is available for microbial uptake.  To utilize DOC, heterotrophic bacteria 
must hydrolyze large compounds through the production of extracellular enzymes.  This 
hydrolysis is acknowledged as a rate limiting step in organic matter decomposition in aquatic 
environments, so enzyme activities and microbial biomass often regulate organic matter 
decomposition in soils.   
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The microbial biomass of soils is a strong regulating component of various transformations and 
processes including enzyme production, microbial respiration, and organic matter degradation 
(Chrost, 1991).  Soil microorganisms derive energy and C from the breakdown of detrital and 
soil matter which facilitates nutrient cycling in soils.  Microbial biomass and organic matter 
degradation may be limited by available nutrients if sufficient supply is not met through nutrient 
regeneration or from soil solution.  This may result in immobilization of nutrients in soil 
microbial biomass.  Biomass is often enhanced under aerobic conditions compared to anaerobic 
conditions under flooded soils (Wright and Reddy, 2001a), which contributes to increases in 
activity upon drainage of flooded soils.   
 
Enzymes are produced by heterotrophic bacteria to break down large DOC into sizes that can 
be taken up into microbial cells.  Heterotrophic bacteria are the primary organisms 
responsible for the utilization and transformations of detritus and DOC.  The products of 
enzymatic hydrolysis or decomposition serve as nutrients for heterotrophs as well as an input 
of substrates to solution.  Measurements of microbial activity, such as the activity of 
extracellular enzymes, are important in understanding pathways of organic matter 
degradation and nutrient cycling in soils (Wright and Reddy, 2001a).  The initial degradation 
of organic matter often depends on enzymatic hydrolysis of large organic compounds, which 
cannot be taken up by microorganisms, so extracellular enzymes are produced and released 
outside microbial cells to break down large complex compounds into smaller compounds that 
can be taken up into cells and used for growth and energy.  Through the process of enzymatic 
breakdown of large compounds, nutrients, such as ammonia (NH4) phosphates, and SO4 are 
released into solution.   
 
Several enzymes are involved in C cycling include glucosidase and phenol oxidase.  
Glucosidase activity can be used as an indicator of the C mineralization potential in soils as it 
catalyzes the hydrolysis of disaccharides of glucose, cellohexose, and 
carboxymetheylcellulose.  Glucosidase acts on polysaccharides and releases readily utilizable 
organic compounds including low molecular-weight monosaccharides.  McClatchey and 
Reddy (1998) reported that glucosidase activity was highest under aerobic conditions and 
decreased with decreasing redox potential, and the overall effect of hydrologic conditions on 
enzyme activity generally shows greater activity under drained conditions. 
 
The more refractory components of soil organic matter include lignin and lignocellulose.  
Lignin is a component of plant tissue and is generally refractory in nature, possibly because 
of the lack of easily hydrolyzable bonds.  Thus, lignin is often present in soils since it is 
more resistant to biodegradation than other compounds such as proteins and polysaccharides.  
In addition, lignin can bind with polysaccharides and then prevent the microbial utilization of 
the polysaccharide.  A large portion of lignin consists of compounds containing hydroxyl 
groups, referred to as phenolic compounds.  Phenolics are a major component of humus and 
give it many of its chemical and biological properties.  Since lignin contains phenolic 
compounds, phenol oxidase can be used as a measure of lignin availability.  Phenol oxidase 
has been detected in plants, animals, and microorganisms, and functions best in environments 
where O2 is present.  Phenol oxidase activity thus decreases with depth in aquatic sediments 
corresponding to decreases in O2 availability (Wright et al., 2001a).  Of all extracellular 
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enzymes, phenol oxidase is probably most directly related to water-table depth, as it cannot 
function without the presence of O2.  Thus, drainage of organic soils should enhance phenol 
oxidase activity and stimulate the breakdown of recalcitrant lignin-containing compounds. 
 
5.0 Organic matter decomposition 
 
Changes from flooded to drained conditions in soils may stimulate a change in aquatic to more 
terrestrial vegetation communities, and a decrease in algal/periphyton contributions to total 
primary production (Childers et al., 2003).  Drainage of organic soils then has the effect of 
removing periphyton as a source of net primary production..  The production of vegetation 
depends on many factors, so total primary production differences in response to drainage may be 
difficult to interpret.  However, the major effect of drainage in the ecosystem occurs 
belowground, where organic matter decomposition by heterotrophic microorganisms is 
significantly greater under drained than flooded conditions (Wright and Reddy, 2001b).  Thus, 
wetlands that sequestered C would release C back to the atmosphere upon drainage. 
 
Organic matter decomposition in wetlands is regulated by various external and internal forcing 
functions (Figure 4).  Water-table fluctuation is one of the key regulators of organic matter 
decomposition in wetlands.  Drained peats have been reported to decompose 50 times faster than 
under flooded conditions (Clymo, 1983).  A commonly occurring result of drainage of organic 
soils throughout the world has been decreases in soil depth, commonly referred to as subsidence 
(Holden et al., 2004; Snyder, 2005).  Subsidence, or soil oxidation, was tied to water-table depth, 
with adverse effects of increased peat hydrophobicity after drying.  Initially after drainage, soil 
compacted due to water loss and become more hydrophobic, which retarded rewetting of these 
soils.  However, over the long-term, microbial oxidation was the primary driving factor of soil 
subsidence.   
 
One of the most well-known cases of drainage of peatlands is the case of the Florida Everglades, 
where soils south of Lake Okeechobee were drained for agricultural use in the early 1900s.  
Commencing immediately after drainage, these soils subsided at a rate of approximately 2.54 
cm/year, which then declined to a current rate of about 1.5 cm/yr (Shih et al., 1998; Snyder, 
2005).  Reasons for the decreasing rate of subsidence over time are the increasing composition of 
the mineral component of soil as the organic matter is oxidized, and because easily degradable 
portion of organic matter are degraded first, while more humified compounds tend to accumulate 
over time.  Thus, upon drainage of organic soils, one can expect a more rapid decomposition of 
the organic matter, then eventually a slower rate of decomposition as the remaining organic 
matter becomes more humified and accumulates more of the mineral component (Snyder, 1994; 
Snyder, 2005).  In the Everglades, the soil contains approximately 85% organic matter, with the 
remainder as mineral consisting primarily of calcium carbonate (Shih et al., 1998; Snyder, 2005).  
In this particular case, increases in calcium carbonate over time led to changes in soil chemical 
properties such as pH, which then created an environment increasingly less suitable for 
heterotrophic microorganisms, which further contributed to decreases in the subsidence rate. 
 
Many studies regarding effects of hydrologic conditions on soil subsidence were conducted in 
the Everglades Agricultural Area in the mid 1900s, with the rate of soil oxidation deemed 
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primarily dependent on water table depth, as the rate of soil oxidation increased as water table 
depth decreased (Tate and Terry, 1980; Snyder, 1994; Snyder, 2005).  Soil oxidation and 
relationships with water table depth have been extensively modeled for various ecosystems 
(Stephens et al., 1984), and especially for the Everglades Agricultural Area of Florida.  The 
equation for long-term annual soil loss in the EAA was subsidence rate (inches/yr) = average 
water table depth (inches) - 2.45/14.77 (Stephens, 1956).   This rate was about double that for 
organic soils in Indiana, presumably due to higher temperatures in Florida which promoted 
greater microbial activity.  Long-term experiments relating water table depth and soil oxidation 
(Allison and Clayton, 1934; Stephens and Johnson, 1951; Wosten et al., 1997) demonstrated that 
soil oxidation primarily occurred above the water table, indicating that soils under flooded 
conditions were not prone to oxidation.  Three other studies on organic soils in Indiana and the 
Netherlands showed the same linear relationships between soil oxidation and average water table 
depth, although rates changed as a function of temperature, vegetation, and other environmental 
conditions (Stephens et al., 1984).  Efforts have been undertaken to reduce potential for soil 
oxidation when organic soils are drained, including changes in cropping and management 
systems and adoption of different vegetation, but these factors have shown no success in 
decreasing soil loss under drained conditions (Snyder, 2005).   
 
In the EAA, based on radiolabeled studies, it took 400 years to build up 1 foot of soil under 
flooded conditions, but only 10 years to lose one foot of soil after drainage (Stephens, 1956).  
Thus, changes in soil depth brought about by drainage are not easily rectified.  An undesired 
consequence of drainage of organic soils is the potential increased likelihood of fire (Stephens, 
1956), whereas dried organic soils are easily ignitable and function well as a fuel source.  
Another side effect of drainage of organic soils is greater potential for wind erosion, as the 
flocculent organic soil particles can be lifted from the ground and blown great distances 
(Stephens, 1956; Snyder, 1994).  
 
As a consequence of soil subsidence, nutrients contained within organic matter are released upon 
oxidation (Tate, 1980).  The nutrient release in turn functions to provide heterotrophic 
microorganisms with a nutrient supply to continue further oxidation.  Excess nutrients are also 
prone to export from these soils after precipitation events as runoff or leaching, thus adjacent 
areas to these drained organic soils may receive nutrient loads, as evidenced in the EAA and 
Everglades wetlands.  Much research has been conducted on P release from the EAA to 
Everglades wetlands, with sources of P enrichment being fertilizers and P released from soil 
oxidation.  Rates of soil subsidence have been related to P export in the EAA, as 2.5 cm of total 
soil loss corresponded to 85-90 kg P/ha/yr export (Morris, 1975).  Approximately 686 kg N/ha 
were mineralized for each cm of EAA organic soil oxidized (Terry, 1980).   
 
In addition to the long-term study of subsidence in the Everglades, more recent studies have 
focused on effects of water withdrawal on subsidence of organic soils in other parts of Florida, 
particularly the upper St. Johns River basin (Reddy et al., 2006).  This region showed similar 
patterns and changes in processes resulting from drainage.  Due to similarities in climatic and 
environmental conditions, it is likely that the upper St. Johns River would respond to drainage in 
a similar fashion as the Everglades Agricultural Area.  In Blue Cypress Marsh, soil oxidation 
was closely related to water-table depth, with most CO2 production in the surface soil, with the 
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flux decreasing with increasing depth (Corstanje and Reddy, 2004; Reddy et al., 2006).  Carbon 
dioxide emission rates from decomposition of soil organic matter showed inverse relationship 
with an increase water depth (Figure 5).  Soils saturated with water produced least amount of 
CO2.  Compaction and shrinkage of soils due to drainage may have a minor effect on subsidence, 
but the primary driving factor was microbial oxidation.  Extracellular enzyme activity was 
largely not affected by drainage with the exception of phenol oxidase, which was inversely 
proportional to water-table depth.   
 
Effects of color and dissolved organic matter dynamics in aquatic systems was reviewed and 
relevant information obtained from Molot and Dillon, 1997, Gergel et al., 1999, and Pace and 
Cole, 2002.  Dissolved organic C is of interest to ecologists as it can affect the physical, 
chemical, and biological properties of freshwater systems.  Through attenuation of solar 
radiation, DOC can provide UV-B protection to aquatic microflora and fauna and depress 
primary productivity.  Reductions in DOC concentrations can increase water transparency, 
causing deeper euphotic zones and thermoclines.  The fulvic and humic acids of DOC can 
influence the acid–base chemistry of freshwaters, affecting the cycling of metals thus influencing 
the amount of trace metals found in aquatic organisms (Qualls and Richardson, 2003).  The DOC 
can also support bacterial secondary production, influence the availability of some forms of P to 
phytoplankton.  Phytoplankton release large portions of their photosynthate to the open waters as 
extracellular DOC, which is composed primarily of carbohydrates and amino acids that are 
rapidly metabolized by bacteria.  Aquatic macrophytes in the littoral zone can also secrete DOC 
in amounts comparable to that released by phytoplankton.  However, decomposition of these 
labile, secreted compounds is often very rapid and they constitute only a small proportion of 
DOC in natural waters. 
 
Allochthonous DOC can enter a system through precipitation, leaching, and decomposition 
(Qualls & Richardson, 2003).  Highly productive wetlands can generate massive amounts of 
organic matter that enter adjacent aquatic systems primarily in dissolved form.  This tea-colored 
DOC is composed of fulvic and humic acids, products of the degradation of lignin and cellulose.  
Thus, the concentration of DOC in lakes and rivers can provide a useful index of the watershed 
influence because it is primarily derived from surrounding wetlands.  
 
Landscape patterns can strongly influence DOC, and include the drainage ratio, slope, water 
residence time, and percentage of the watershed covered by wetlands (Qualls and Richardson, 
2003).  Wetlands and wetland soils are often the source of much DOC input to lakes and streams 
even though they may occupy only a small percentage of the catchment area.  However, it is not 
fully understood how proximity and positioning of landscape units such as wetlands influence 
the export and resulting concentrations of watershed inputs.  In the Everglades, the DOC is 
composed of about 50% humic substances, 33% hydrophilic acids, and 15% hydrophilic neutral 
substances, typical of DOC from other environments, despite the fact that it originates from a 
neutral to slightly alkaline peatland (Qualls and Richardson, 2003).  Water draining from 
wetlands often contains high concentrations of darkly colored DOM.  This DOM carries not only 
C, but also N, P, and metals.  The DOM functions in several important ways in wetland 
ecosystems as �it is a major mode of export for N and P.  Since it represents an important form 
of export, it plays a major role in determining the balance and accumulation of N, P, and perhaps 
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even C over the long period of soil development.  Also, because natural DOM is a powerful 
agent for complexation of metals, it plays an important role in metal toxicity and metal export, 
e.g. mercury.  It also provides a potential source of C for microbial growth and controls the pH 
of many wetland waters. 
 
Wetlands around the world are experiencing disturbances such as drainage, eutrophication, and 
problems with heavy metal toxicity which either influence dissolved organic matter or are 
influenced by dissolved organic matter.  The Everglades of Florida present a case in which all 
three disturbances are important.  Agricultural nutrients have been draining from the Everglades 
Agricultural Area into the northern Everglades for many decades, causing enrichment of certain 
areas and there is a growing concern about the transport of nutrients to Florida Bay (Reddy et al. 
1999).  Mercury (Hg) toxicity is also a major problem as it is in many wetlands around the 
world, and is largely transported by DOC in the Everglades (Strober et al. 1995).  The 
Everglades also experiences relatively high levels of solar UV radiation which could increase in 
the future if stratospheric ozone continues to decline.  Solar UV radiation has been shown to alter 
aquatic DOM.  The concentrations of DOM in water of the Everglades are a product of inputs 
(production of new soluble organic matter and imports) exports (microbial decomposition and 
solar mineralization) and exchanges with the solid organic matter by adsorption and desorption.  
The inputs of new DOC, dissolved organic nitrogen (DON), and especially dissolved organic 
phosphorus (DOP) are substantially increased by increases in plant productivity associated with 
P enrichment.  This increase was not only associated with increased productivity but by a shift in 
vegetation species, which produces more DOC in newly senesced litter.  The concentrations of 
DOM are also influenced by outputs due to microbial decomposition and mineralization caused 
by solar radiation.  In terms of the eutrophication in the Everglades and other wetlands, it might 
be considered desirable if the dissolved organic nutrients were not mineralized and simply 
flowed through the system.  The export of dissolved organic matter in water from the various 
areas of the Everglades has important implications for downstream sections.  Not only is most N 
carried in the form of DON but also most Hg is carried complexed with DOC (Strober et al. 
1995). Sorption and desorption from the peat acts as a buffer and strongly regulates DOM 
concentrations.  In other wetlands, hydrologic flowthrough, the concentration of DOM in water, 
the adsorption properties of peat, the solar radiation reaching the water column and plant 
productivity are likely to influence the relative importance of DOM cycling. 
 

Dissolved organic carbon fluxes from precipitation vary with values in the range of 0.3 to 8.9 g 
C/m2 year in North America, 1.9 to 3.9 g C/m2 year in tropical islands, 1.3 to 4.8 g C/m2 year in 
South America, 1.4 to 5.8 g C/m2 year in Europe, 3.4-3.5 g C/m2 year in Australia, and 1.1 g 
C/m2 year in Africa (Aitkenhead-Peterson et al. 2003).  A wide range of DOC fluxes (1- 84 g 
C/m2 year) from terrestrial ecosystems (forests, grasslands, peatlands) have been reported 
(Aitkenhead-Peterson et al. 2003).  In a recent study, Freeman et al (2004a, b) observed a 65% 
increase in the DOC concentration of freshwater draining from upland watersheds in the United 
Kingdom over the past 12 years.  These researchers attribute the increase in DOC to an increase 
in the activity of phenol oxidase, an enzyme believed to regulate carbon storage in peatlands.  
They showed increases in temperature had significant effects on phenol oxidase.  A 10° C rise in 
temperature (in the range of 2 to 20°  C) resulted in a 36% increase in activity and was also 
accompanied by an equivalent increase in the amount of DOC released (Freeman et al., 2004a,b). 
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In water storage reservoirs created on peatlands, autochthonous DOC of algal and macrophyte 
origin can be an important contributor to the total DOC pool (Reddy, 2005).  The relative 
importance of these two sources (algae and macrophytes) depends on water depth, nutrient 
status, and physico-chemical environment in the water column.  During active growth, both algae 
and macrophytes release a significant proportion of their primary production as DOC.  The DOC 
produced from these sources consists of low-molecular weight compounds, is biologically labile 
and readily used as an energy source by microorganisms (Stuart et al., 2003).  Flooding well 
drained peat soils results in a flush of DOC release from the soil to the overlying water column.  
Upon flooding and creating anaerobic soil conditions, much of this active microbial population 
die and the metabolic activities switch over to facultative and anaerobic bacteria.  As a result, 
microbial groups that depend on oxygen as their terminal electron acceptor during respiration, 
now depend on alternate electron acceptors.  Organic matter decomposition under these 
conditions is typically slower and results in solubilization of organic matter and accumulation of 
dissolved organic compounds.  Thus, flux of DOC from soil to the overlying water column is 
rapid during the first few months of flooding and decreases with time.  Depending on 
environmental conditions and hydrology, the initial flush of DOC may be sustained for a few 
months to 1-2 years, as observed in the mesocosm study (Reddy, 2005). 
 

The ecological significance of DOC is poorly understood and has not been clearly defined.  This 
is mainly due to lack of a clear understanding of the composition of the DOC and its 
biodegradability.  The DOC may represent a broad spectrum of organic compounds of varying 
environmental recalcitrance; thus it may not be possible to treat DOC as a homogeneous 
category.  DOC and particulate organic carbon (POC) involve both labile and non-labile 
(recalcitrant) organic matter, the latter comprising the major fraction.  Turnover of highly labile, 
energy rich organic substrates may approach a rate of 5-10 times per day; thus actual 
concentration of the labile organic fraction may be extremely low.  Despite the fact that 
recalcitrant DOC and POC are slow to mineralize, these pools represent a major portion of the 
organic matter processed by the heterotrophic community due to the relatively massive size of 
these pools. 

Water withdrawals from the St. Johns River system will stimulate organic matter decomposition 
in areas where drainage creates a greater zone of aerobic conditions in soil.  These areas in 
wetlands will exhibit enhanced decomposition of the organic soils and release metals and 
nutrients contained within organic matter as well as increase DOM concentrations.  A shift from 
anaerobic decomposition (sulfate reduction and methanogenesis) to aerobic decomposition will 
occur upon drainage.  The ultimate fates of these mineralized components will depend on 
vegetation and environmental conditions.  Some nutrients can be taken up by wetland vegetation 
and have minimal effect on the receiving water body.  However, nutrients and metals in wetland 
floodwater are mobile and may eventually be exported to the receiving water body, thereby 
increasing concentrations and potential for stimulation of microbial activity, and may lead to 
undesirable consequences such as eutrophication, algal blooms, etc.  
 
6.0 Nutrient regeneration 
 
As organic matter is decomposed, it is subject to burial, a process which generally results in a 
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shift from aerobic to anaerobic conditions.  In wetland soils, the decomposition process occurs at 
significantly slower rates due to predominance of anaerobic conditions where moderately 
decomposable organic matter along with lignin and other recalcitrant fractions accumulate.  
Thus, the accumulation of soil organic matter in wetlands is typically characterized by a 
stratified buildup of partially-decomposed plant materials, with a low degree of humification.  
The biodegradability of organic matter decreases with depth, as the material accreted in lower 
depth in much older and underwent humification as compared to the material accumulation in the 
surface layers.  Processes regulating the stabilization of organically bound nutrients in wetland 
soils are intimately linked with soil organic C structures.  Linking C, N, S, and P, therefore, is 
considered a key aspect of any effort to understand soil organically bound nutrient stabilization 
(Gressel et al., 1996).  Furthermore, mechanisms involved in the turnover of organically bound 
nutrients are biological, and it is possible that changing nutrient status or hydrologic regime 
induces shifts in microbial community structure that are responsible for accelerated degradation 
of organic compounds (i.e., shift towards organisms adapted to access recalcitrant compounds).   

Soil oxidation and mineralization of nutrients, followed by runoff, were designated as important 
factors leading to eutrophication of the Everglades.  The problems arise in predicting off-site 
movement of nutrients released during decomposition, as this movement, especially for P, is 
often mediated by adsorptive and precipitation reactions with soil minerals (Diaz et al., 1993).  
However, anions such as NO3 and SO4, are mobile in soils and subject to loss from drained soils 
during precipitation or drainage events.  Water withdrawals enhance microbial activity, which in 
turn increases rates of mineralization of N, P, S, and other elements from soil.  These nutrients 
then enter into solution and prone to movement with the water, either as leaching or runoff.  An 
increase in the frequency of soil exposure resulting from water withdrawals may increase the 
transfer of nutrients from organic wetland soils to the St. Johns River. 

 

6.1 Nitrogen 
 

Several N transformations are affected by water level drawdown and hydrology (see reviews by 
Hefting et al., 2004; Buresh et al., 2008) (Figure 6).  Of the many elements necessary to sustain 
biotic production in wetlands, N presents unique challenges due to its chemical versatility, which 
is expressed in the various valence states N can occupy, the intricate array of biotic and abiotic 
transformations in which N participates, and like few other elements, N occurs naturally in 
soluble and gaseous phases.  Nitrogen cycling in wetlands is controlled by the same 
interdependent variables that control wetland formation (e.g., climate, hydrology, 
geomorphology and vegetation).  The effects of climate are expressed through hydrology and 
temperature.  Temperature, through its effect on biochemical kinetics, will control the rates at 
which microbes and plants process N.  Hydrology, in concert with geomorphology, is a variable 
that controls marsh formation and N cycling.  Vegetation, in response to climate, hydrology and 
geomorphology, can control N cycling.  Plant production obviously depends on a readily 
available supply of mineralizable N, which, due to local insufficiencies, often limits primary 
production.  Even after death, plant litter and the microbes growing on it can control the internal 
dynamics of N in wetlands. 
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Nutrients bound in living tissues are returned by decomposition to forms that plants can 
assimilate.  Broadly defined, the decomposition process for N includes leaching, net 
accumulation, and net mineralization.  Leaching refers to the rapid loss of water soluble N 
compounds.  These could range from inorganic forms to amino acids and high molecular weight 
organic forms such as deoxyribonucleic acid (DNA) and plant pigments.  The balance between 
microbial immobilization and microbial mineralization is the final component of the 
decomposition process.  Mineralization refers to the conversion of organic matter to inorganic 
constituents by microbial degradation.  For N, the primary product of mineralization is NH4, 
hence the term ammonification.  Net mineralization is the difference between gross 
mineralization and gross immobilization or uptake; a positive net mineralization means that gross 
mineralization to NH4 exceeds gross immobilization of NH4.  Ammonium not taken up by plants 
or tightly bound to sediments may be nitrified.  Factors that can limit autotrophic nitrification in 
wetland environments include a lack of available O2, acid conditions, competition from plants, 
allelopaths, and lack of available P.  Two forms of dissimilatory NO3 reduction occur in wetland 
sediments.  Denitrification, the most familiar form, leads to an export of N from ecosystems.  
Dissimilatory reduction to NH4 conserves N as NH4 within the system.  Export of N from 
wetlands is connected with the hydrologic characteristics of the wetland.  There are the tidal or 
fluctuating water-level marshes where water may import or export N depending on local 
conditions.   
 
The actual amount of N accumulated in wetland soils will depend on the balance between plant 
production and decomposition and the balance between allochthonous import and particulate 
export.  There is a wealth of information on atmospheric N inputs due to recent interest in the 
effects of atmospheric deposition on ecosystem health.  In general, wet deposition adds roughly 
0.5 to 1 g N/m2/yr as NH4 and NO3 (Bowden, 1987).  For hydrologic inputs to have an effect on 
wetlands they must actually come in substantial contact with biotic components of the wetland.  
In this and other cases, hydrologic inputs may only restore small losses of N by denitrification 
and burial while the bulk of N in plants is recycled and the bulk in surface and subsurface flow 
passes through the wetland unaltered by the biota. 
 
Soils are the single largest pool of N in wetland ecosystems followed by plants and available 
inorganic N.  Turnover times for these pools follow a similar trend with slowest turnover in the 
soil pool (hundreds of years) and fastest turnover in inorganic pools (days or hours).  Nitrogen 
fixation is an important supplementary input in some wetlands but is probably limited by the 
excess of fixed N usually present in the sediments of these systems.  Most of this material falls to 
the wetland surface where an elegant interaction between plant litter and decomposer 
microorganisms tends, over the short-term, to conserve N within the system in immobile forms.  
Later, decomposers release this N in forms that plants can reassimilate.  During the internal cycle 
between available NH4, live plants and dead litter N there are leaks to nitrification.  The NO3 
formed by nitrification has several fates which may tend to either conserve N (uptake and 
dissimilatory reduction to NH4) or lead to its loss (denitrification).  Both nitrification and 
denitrification operate at rates far below their potential and under proper conditions (e.g., 
draining or fluctuating water levels) may accelerate.  
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Organic N mineralization rates would likely increase as a result of increased frequency of soil 
exposure (i.e., increase aerobic soil layers) due to water withdrawals.  Nitrification would 
increase as well.  Nitrogen fixation and external N inputs may decrease in wetlands due to 
increased frequency of soil exposure because of loss of algal contribution in the flooded 
sediments.  Denitrification rates would decrease as aerobic respiration becomes a more dominant 
pathway of organic matter decomposition.  Effects on the St. Johns River include greater 
potential loads of inorganic N and DON.  
 

6.2 Phosphorus 
 
Since productivity and water quality of wetlands to some extent are determined by the 
bioavailability of limiting nutrients such as P, it is critical to determine their fate in soil and water 
column of a wetland.  Soluble inorganic nutrients generated through biotic and abiotic processes 
are transformed into organic forms through plant and microbial uptake (Figure 7).  In eutrophic 
wetlands, a significant amount of stored nutrients are in labile pools as low C/N and C/P ratios of 
detrital tissue favors rapid decomposition and release.  Bioavailability of nutrients such as P 
decreases with the age of the detrital plant tissue.  The lability and the stability of detrital tissue 
is an important factor as cycling of this material can maintain eutrophic conditions in a wetland, 
even after external loads are reduced.  Prolonged P loading to wetlands can result in distinct 
gradients in floodwater and soil.  This effect is distinct in many subtropical freshwater wetlands 
receiving nutrient inputs (Davis, 1991; Reddy et al., 1993; DeBusk et al., 1994).  In wetlands 
with spatial nutrient gradients, inorganic P added through external loads is readily utilized near 
inflow, resulting in increased productivity and release of labile dissolved organic substances such 
as DOC and DOP.  These substances released during mineralization of detrital organic matter 
can be transported downstream and expand the impacted area and maintain eutrophic conditions 
even after external loads are curtailed. 
 
Organic P, both DOP and particulate organic phosphorus (POP), can account for a substantial 
portion of the total P in wetlands.  Soil organic P (Po) consists of mainly of esters of phosphoric 
acid, and can be classified into three primary groups: (1) inositol phosphates (IHP), (2) nucleic 
acids, and (3) phospholipids.  The monoesters, comprising mostly inositol phosphates, account 
for approximately 50% of the total organic P.  Diesters of o-phosphate include nucleotides 
(mainly as ribonucleic acid (RNA) and DNA, < 2% of organic P) and phospholipids 
(predominantly phosphoglycerides, < 5% of organic P).  Although relatively low in 
concentration, diesters may contribute to short-term bioavailable pools more than monoesters.  
Compared to monoesters, diesters are more accessible to microbial attack.  In aerobic soils, this 
fraction was shown to be rapidly made available to plants.  Due to reactive o-phosphate groups, 
the IHP monoester is prone to strong adsorption to humic and fulvic acid components of the 
stable organic matter. Organic P associated with humic and fulvic acids represents >40% of total 
the soil P.  The fulvic acid P constitutes a large fraction of the organic P in most soils and it is 
likely that this pool is derived from plant litter and recently deposited organic matter.  
Phosphorus availability from organic P depends on the rate of mineralization and 
biodegradability of the substrate, with both increasing with nutrient loading.  Labile organic P 
accounts for 3-10% of the total P in Everglades soils.  
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Conventionally, Po stability is characterized on the basis of its extractability in alkali media.  
Different alkali media extract different fractions of Po on the basis of the mechanism by which 
the Po fraction interacts with other soil components.  For example, Po turnover studies have 
shown that NaHCO3-extractable Po in upland soils is easily mineralizable, and may contribute to 
plant-available P during one growing season.  More resistant forms of Po involved in the long-
term transformations of P in upland soils are extractable with sodium hydroxide (NaOH).  
Hedley et al. (1982) used a sequence of alkali extracts to quantify the range of soil Po stability.  
During the last 15 years, various combinations of operationally defined, chemical extracts have 
been employed in sequence, to obtain more detailed information on Po and Pi turnover in soils of 
varying pedogenesis and management (Ivanoff et al., 1997).   Ivanoff et al. (1997) adapted the 
NaHCO3-NaOH fractionation scheme for the evaluation of Po stability in Everglades Histosols.  
The chemical fractionation scheme tested in our earlier studies identifies organic P in several 
pools including: (1) labile P (microbial biomass P), (2) acid hydrolyzable P, (3) fulvic acid 
bound P, (4) humic acid bound P, and (5) residual organic P.  The scheme is operationally 
defined and was applied successfully for selected wetland soils of Florida (Ivanoff et al. 1997).  
The major disadvantages of chemical fractionation schemes relate to the chemical hydrolysis of 
Po compounds during extraction and its inability to provide any direct evidence of the structural 
components of Po compounds; this prevents the schemes from discriminating clearly and 
consistently between the major classes of Po.   
 
Water withdrawals from the St. Johns River system will increase the frequency of soil exposure 
may increase the P regeneration from wetland soils and, therefore, the potential for P export to 
the river.  Predicting mobility and potential for export from wetlands of P released during 
decomposition is often difficult because the P availability is mediated by adsorptive and 
precipitation reactions  (Diaz et al., 1993; Harris, 2002), so its ultimate fate is dependent on 
environmental conditions.  However, P contained within DOM is more prone to export from 
wetlands, and upon decomposition of DOM, its bioavailability may stimulate microbial and algal 
productivity in the river. 
 
 

6.3 Sulfur 
 

Sulfur cycling is an important component of global biogeochemical cycles, as it has potential 
for transformation between soil, water, and the atmosphere as mediated by physical and 
biological processes (Figure 8).  Origins of S in organic soils include deposition of plant 
material, groundwater, and rainfall. While most of the effects of drainage on organic soils 
focus on the C, N, and P cycles, S is gaining in importance due to its potential involvement 
in mercury methylation and atmospheric S cycling (Bates et al., 2000).     
 
Sulfur is readily both oxidized and reduced in soil depending on hydrologic conditions, thus 
drainage would greatly influence S transformations and related processes.  In flooded soil, 
due to the absence of O2, SO4 serves as an electron acceptor for decomposition of organic 
matter, and as such is reduced to sulfides.  Sulfides then are either released into the 
atmosphere as H2S in low pH soils or react with metals, such as Fe to form metal sulfides.  
Metal sulfides formed in flooded soil are unstable when these soils are drained, and the 
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resulting acidification of soils is due to dissolution and oxidation of metal sulfides.  Sulfate 
not reduced is soluble in water and thus prone to export as leaching or runoff.  Due to 
Florida’s geological history, SO4 concentrations in groundwater can impact organic soils and 
lead to SO4 enrichment of lower soil depths.  Upon drainage of organic soils, groundwater S 
inputs would likely be reduced, as would the importance of SO4 to decomposition processes.  
Sulfate reduction would be replaced by aerobic decomposition where O2 serves as the 
electron acceptor, leading to greater rates of soil subsidence.  As a consequence, S released 
from soil by decomposition may serve as an important source of inorganic S to adjacent 
ecosystems.  Sulfur cycling has been less studied than C, N, and P cycling, and most research 
is focused on saline coastal environments where SO4 concentrations are mediated by the 
oceans.  In Florida, only a few studies have focused on S cycling in wetlands, with most 
related to Everglades wetlands (Bates et al., 2000).  
 
Mercury methylation in Everglades wetlands was reported to be stimulated by elevated SO4 
concentrations, whose origin was the Everglades Agricultural Area (Bates et al., 2000).  The 
drained soils of the EAA release high amounts of S due to loss via soil subsidence and export 
during rainfall and drainage events.  Upon oxidation of soil organic matter by 
microorganisms, organic S is transformed to SO4, which is soluble in water and prone to loss.  
Eventually, S export from the drained organic soils of the EAA via canals ended up in 
Everglades wetlands as evidenced by high SO4 concentrations near water-inflow points of the 
water conservation areas.  Thus, there appears to be a linkage between drainage of organic 
soils through soil oxidation, SO4 generation, loss from fields in drainage water, transport of 
water via canals to wetlands, then by stimulation of microbial mercury methylators.  
 
Anaerobic metabolism is the dominant decomposition pathway below the oxidized layer in 
flooded wetland sediments.  Methanogenesis and SO4 reduction are normally the primary 
decomposition processes in freshwater wetlands.  In flooded soils, SO4 reduction accounts 
for up to 50% of the organic C mineralization, and roughly 95% of the sulfide produced is 
ultimately oxidized at the oxidized layer in the sediment surface (Jorgensen and Bak, 
1991).  Thus, drainage of soils would have the effect of increasing the depth of the 
oxidized layer and decreasing the potential for emissions of reduced S gases and CH4, the 
endproduct of SO4 reduction and methanogenesis. However, if soluble sulfides accumulate, 
they may be toxic to plants at certain concentrations.  The initiation of SO4 reduction usually 
occurs at 0 to -200 mV, or when other electron acceptors are depleted (D’Angelo and Reddy, 
1999).   Since degradation of organic matter follows a sequential pattern of reduction of O2, NO3, 
Mn4+, Fe3+, SO4, and CO2, electron acceptors with higher redox potentials will be used 
preferentially by heterotrophs.  Thus, zones tend to be formed in soil corresponding to depth 
profiles of electron acceptors.  The surface layer at the soil-water interface is generally aerobic 
due to diffusion of O2 through water from atmosphere and from O2 transport through plants into 
roots.  Then, depending on presence of electron acceptors, a profile is formed in which various 
electron acceptors are sequentially reduced.   
 
Sulfatase plays a large role in the S cycle of soils and catalyzes the removal of SO4 from 
organic S molecules (Chrost, 1991). Arylsulfatase hydrolyses of organic ester sulfates 
accounts for approximately half of the organic S mineralized in freshwater sediments.  The 

krr Page 19 1/27/2009 



  DRAFT 
  

 
function of sulfatase is to provide free SO4 for growth of organisms in SO4-deficient 
environments.  Thus, sulfatase activity could be used to estimate the S mineralization rates in 
soils (Wright and Reddy, 2001b).  Soil organic S, especially soil ester-S, is an important 
source of S for plants and microorganisms.  Some evidence suggests that sulfatase is used to 
supply SO4 for microbial respiration, even in cases where SO4 is abundant.  Sulfatase activity 
usually decreases rapidly with depth in peat due to less availability of substrates and the 
general decrease in microbial activity which occurs with increasing depth.  Drainage of soils 
would likely increase sulfatase activity, and thus mineralization of organic S, by enhancing 
aerobic metabolism at the expense of anaerobic microorganisms.  The greater SO4 generation 
under drained than flooded conditions would result in SO4 enrichment of soils and serve as a 
potential source to adjacent ecosystems. 
 
Inorganic forms of S in soils and porewater include those in varying states of oxidation, such as 
SO4, sulfite, thiosulfate, etc. These species are influenced by pH, redox potential, electron 
acceptors, microbial activity, etc.  Most oxidized forms are usually intermediates in the process 
which leads to formation of SO4.  Thus, SO4 concentrations in soil are much greater than other 
oxidized S forms.  Oxidized forms of S are readily assimilated by microorganisms and plants 
resulting in formation of organic S.  These forms are not stable in wetland soils and are readily 
converted to inorganic forms.  There is flux from reduced to oxidized zones and vice versa.  
Sulfate enters soil through groundwater, atmospheric deposition, degradation of soil organic 
matter, and from oxidation of reduced S.   
 
Mineral S in wetland soils is generally as pyrite or marcasite.  This forms due to reaction of 
elemental S with iron monosulfide or hydrogen sulfide with iron monosulfide.  In saline soils, 
pyrite formation is a more common and rapid process than in freshwater soils because of 
possible S limitations.  Pyrite forms in mostly reduced environments that are subjected to 
occasional oxidizing conditions.  The oxidation of pyrite ultimately results in formation of SO4 
but through many intermediary processes.  Mineral S formation is generally a much faster 
process than mineral S dissolution.  Thus, drainage of soils containing large amounts of pyrite or 
other metal sulfides results in a long-term dissolution of acid-forming sulfides. 
 
Soil S fractionation allows for the determination of oxidized and reduced S forms.  This 
fractionation delineates different pools: acid volatile S (AVS), hydrochloric acid soluble S 
(HAS), pyrite-S, elemental S, ester bound S, and C bound S.  The sum of these 6 groups is 
termed total soil S.  Acid volatile S consists of the forms of hydrogen sulfide (pH dependent) and 
iron monosulfide.  This effect may not be solely due to temperature as soil temperature coincides 
with the plant growing season and oxygenation of soil.  These two S forms are considered to be 
very reactive.  Hydrochloric acid soluble S consists of the oxidized forms serving as 
intermediates to SO4.  HAS is closely tied to porewater S, since HAS consists primarily of 
oxidized S forms, such as SO4.  Ferrous iron reactions with hydrogen sulfide forming iron 
monosulfide, which then reacts with elemental S forming pyrite.  Pyrite-S concentrations are 
generally low in wetlands compared to other forms of S, possibly due to the slow rate of pyrite 
formation under reducing conditions.  Elemental S is often negatively correlated with AVS since 
the oxidation of AVS results in formation of elemental S.  Ester bound S consists of compounds 
containing S bound to O2 in a ester form, or a S bound to a N atom or another S atom.  Carbon 
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bonded S consists compounds where C and S are bonded, such as in proteins, and accounts for 
50-60% of the total S in wetland soils.  This fraction is derived from degradation of plant tissue, 
organic matter, or microbial biomass.  Approximately 90% of plant and microbial S is found in 
amino acids, which suggests the importance of C bound S in wetland S cycling.  Carbon bound S 
can be formed by oxidation of hydrogen sulfide to elemental S and reaction of elemental S with 
carbonaceous compounds.  Ester bound S accounts for 20-30% of the total soil S.  Ester bound S 
can be converted to C bound S by plants and microorganisms and is considered to be more labile 
than C bound S, thus its concentration in soil varies more due to environmental conditions.  It is 
associated with the fulvic and humic materials of peat.   
 
The stability of S fractions and pools in soil are dependent on environmental conditions, such as 
oxidation status of the soil.  Carbon bonded S, particularly when part of soil organic matter, 
lignin, or plant litter, is fairly stable.  Ester bound S is less stable than C bound S but is fairly 
stable when incorporated in soil organic matter.  Acid volatile and soluble S, elemental S, and S 
gases are much less stable than C bonded S, ester bonded S, and pyrite S and are readily 
converted through various intricate pathways in the soil and atmospheric S cycle.   
 
Emissions of reduced S gases, bi-products of SO4 reduction and organic matter decomposition, 
occur in flooded soils.  However, drainage of these soils increases the oxidized soil lower which 
in turn increases oxidation potential for reduced S gases, thereby significantly decreasing their 
emission rates.  Inorganic gases include sulfur dioxide, various species of hydrogen sulfide 
whose concentration depends on pH, and several others.  The concentrations of these gases in 
porewater are mostly regulated by inorganic oxidized S forms, such as SO4. However, 
translocation of these gases is much more rapid than translocation of oxidized S in sediments due 
to conduits which allow for S gas flow, such as live and dead plants.  Reduced S gases, generally 
organic forms, tend to be oxidized in the plant rhizosphere.  Most of the reduced S gases are 
partial decomposition products resulting from degradation of organic matter and plant litter.   
 
Water withdrawals from the St. Johns River would likely increase the frequency of exposure of 
soils and, therefore, decrease sulfate reduction rates.  Thus sulfate may accumulate in wetland 
soils and may be a source to the river.  Less sulfide formation may decrease the potential for the 
creation of metal-sulfide complexes, thus altering  metal cycling in wetland soils.   
 
 
 
7.0 Nitrification-Denitrification and Nitrogen Fixation 

 
Most of the N in flooded soils is present in the organic form, with a small percentage in 
inorganic forms such as NH4 and NO3.  Nitrogen cycling in flooded soils consists of many 
interrelated processes occurring simultaneously, including organic N mineralization by 
heterotrophic microorganisms, nitrification of NH4 released from organic N mineralization into 
NO3, consumption of NO3 as an electron acceptor which further enhances heterotrophic 
microbial activity leading to greater organic N mineralization rates and conversion of NO3 to 
reduced gases such as nitrous oxide (N2O) and nitrogen gas (N2).  Many of these reactions occur 
at the interface of oxic/anoxic conditions, or at the water-table depth.  Soils above the water table 
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would likely experience more oxic conditions leading to organic N mineralization and 
nitrification of mineralized NH4 into NO3.  Nitrate is readily leached from soils with rainfall and 
can contaminate groundwater or surface waters, depending on the direction of water flow.  
Nitrate is produced primarily in aerobic environments which encourage heterotrophic 
decomposition, such as drained soils with higher organic matter content.  Conversely, NO3 is 
consumed in anaerobic environments such as flooded soils.  Thus, enhanced organic matter 
decomposition of drained soils following water-level drawdown will increase inorganic N 
generation (NH4 and NO3), but some of this will then move downward in the soil profile by mass 
flux, where NO3 will be reduced during anaerobic decomposition.  Depending on rainfall and 
water movement, NH4 and the remaining NO3 can be transported with water flow from wetlands 
into rivers.  Depending on drainage patterns, this source of inorganic N can contaminate riparian 
ecosystems, potentially leading to increases in N loadings.  Stimulation of algal and microbial 
activity and greater potential for eutrophication of the St. Johns River is then a possibility.   
 
A major greenhouse gas related to the global N cycle is N2O, but its production from soils 
depends on many environmental and site conditions.  Denitrification generally results in 
conversion of NO3 into N2 gas, thus no greenhouse gas problem.  However, incomplete reduction 
may result in N2O emission from soils, which can contribute to greenhouse gas loads into the 
atmosphere.  Drainage of soils increases the oxic layer whereby O2 is preferentially used as an 
electron acceptor, thus denitrification and N2O emission are limited.  Denitrification will occur 
below the oxic layer in anaerobic sediments, but reduced N gases produced may be further 
oxidized as they cycle through the soil, especially when reaching the oxic soil layer.  So an 
increase in the frequency of soil exposure resulting from water withdrawals from the St. Johns 
River may tend to limit the rate of N2O production.     
 
Nitrogen fixation is the process whereby atmospheric N2 is converted to NH4 by certain types of 
bacteria and algae, where the N is generally incorporated into cell structures.  Most N fixation 
occurs in the water column by algae and N-fixing bacteria, although some bacteria can fix N in 
anaerobic soil, but this process is considered minimal.  Nitrogen fixation can represent a major 
source of N into aquatic systems.  More frequent de-watering of soils will decrease algal 
populations and thus limit N fixation and N inputs into the river and wetland ecosystem.  As 
such, water withdrawals may decrease floodwater depth above the soil surface and expose soil to 
the atmosphere, which will have the effect of minimizing algal N2 fixation, so bulk N inputs into 
the wetland system by N2 fixation should decrease.  However, as mentioned earlier, enhanced N 
mineralization resulting from increased soil exposure likely contributes to greater N load from 
wetlands to the river, which may stimulate algal and microbial populations, and enhance N2-
fixation within the St. Johns River.   
 
8.0 Phosphorus Retention Mechanisms 
 
Phosphorus entering a wetland or stream is typically present in both organic and inorganic forms 
(Reddy et al., 2005). The relative proportion of each form depends on soil, vegetation, and land 
use characteristics of the drainage basin. To trace the transport and transformations of P, it is 
convenient to classify forms of P entering into these systems as dissolved inorganic P (DIP), 
dissolved organic P (DOP), particulate inorganic P (PIP), and particulate organic P (POP). The 
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particulate and soluble organic fractions may be further separated into labile and refractory 
components. Dissolved inorganic P is considered bioavailable, whereas organic and particulate P 
forms generally must undergo transformations to inorganic forms before being considered 
bioavailable.  However, these size fractions of P are not necessarily indicative of P 
bioavailability or chemistry. Both biotic and abiotic mechanisms regulate relative pool sizes and 
transformations of P compounds within the water column and sediment/soil.  Biotic processes 
include assimilation by vegetation, plankton, periphyton, and microorganisms.  Abiotic processes 
include sedimentation, adsorption by sediments/soils, precipitation, and exchange processes 
between soil/sediment and the overlying water column. 
 
Phosphorus assimilation and storage in plants depends on vegetative type and growth 
characteristics.  Floating and emergent macrophytes are usually present near shorelines of 
streams, and the P transported in the stream may not be in direct contact with the plant roots.  
Submerged vegetation has limited potential for P storage, but can alter the physicochemical 
environment of water, resulting in chemical precipitation (Reddy et al., 1987).  Thus, uptake of P 
by vegetation is typically minimal in stream systems.  In wetlands, however, vegetation often 
plays a significant role in P assimilation and storage.  Floating macrophytes usually are present 
in areas with deep water and absorb P directly from the water column.  Because of rapid 
turnover, P storage is short-term and much is released back into water after vegetative 
decomposition.  Emergent macrophytes have an extensive network of roots and rhizomes and 
have great potential to store P.  They have more supportive tissue than floating macrophytes and 
have a high ratio of below-ground biomass (roots and rhizomes) to above-ground biomass (stem 
and leaves), providing ideal anatomical structures for P storage.  Although emergent 
macrophytes effectively store P, very little of the water column P is directly assimilated.  Such 
plants are rooted in soil and the majority of their P requirements is met from porewater P.  
Although water-column P is not assimilated directly by these plants, active uptake of soil 
porewater P can potentially establish gradients between the water column and soil/sediment, thus 
improving overall P retention.   
 
Periphyton can play a major role in regulating P concentrations of the water column, as they can 
assimilate both organic and inorganic forms of P and induce changes in pH and dissolved O2 
concentration of the water column and soil-floodwater interface.  These changes can potentially 
influence the solubility of P, especially in streams and wetlands.  Periphyton is known to mediate 
the precipitation of CaCO3 and to co-precipitate P (McCormick and O’Dell, 1996).  
 
Sorption of P is envisioned as a two-step process in which a rapid phase corresponds to initial 
retention on a surface and a slower phase corresponding to diffusion into a solid phase involved 
in sorption.  Once the sites on soil are saturated (e.g., in soils and sediments with historical P 
loading or those low in clay mineral surfaces), desorption potential increases.  Phosphate 
minerals regulate the solubility of dissolved P in the interstitial waters, soils, and sediments.  
Some examples of these minerals include apatite, hydroxyapatite, fluorapatite, octocalcium 
phosphate strengite, vivianite, variscite, and wavellite (Harris, 2002). Because of the complexity 
involved in mineral formation and solubility of minerals, it is difficult to attribute P retention to 
any one single mineral.  The general conclusions made, based on research in acid soils, P is fixed 
as Al and ferric phosphates, if the activities of these cations are high.  In alkaline soils, P fixation 
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is governed by the activities of Ca and Mg, while P availability is greatest in soils and sediments 
in slightly acidic to neutral pH.  
 
The mobility of P is governed by P retention capacity and P buffer intensity of wetland soils and 
stream sediments.  Phosphorus retention capacity refers to the maximum available sites, which is 
determined by physicochemical properties and P already present on solid phase.  Soils and 
sediments having large capacity for P sorption with small increments in solution P concentration 
are considered to be highly buffered and sorption in these soils or sediments is irreversible.  High 
buffer intensity reflects in low-solution P concentration. Maximum P retention capacity of 
soil/sediment is generally reached following saturation of all sorption sites.  P sorption in 
soils/sediments is associated with amorphous and poorly crystalline forms of Fe and Al. Iron and 
Al complexed with organic matter may be responsible for P sorption, suggesting an indirect 
effect of organic matter.  In soils dominated by Fe minerals, reduction of the soluble ferrous 
oxyhydroxide compounds results in more sorption sites.  This reduction is the result of 
facultative organisms using ferric iron as an electron acceptor during their metabolic process in 
the absence of O2. Although reduction may create larger surface areas for P sorption, the binding 
energy associated with P sorption is low and desorption potential is high. 
 
Phosphorus retention in soils has received much attention in Florida, especially with regard to 
the eutrophication of the Everglades wetlands.  Phosphorus taken up by vegetation is deposited 
as organic matter under flooded conditions in wetlands.  As long as anaerobic conditions exist, 
the organic matter is fairly stable.  However, drainage promotes rapid aerobic decomposition and 
organic P mineralization.  Drainage can also promote P dissolution from soil minerals.  P 
mineralized from organic matter exists as free phosphate, but this form is very reactive in soils 
and has potential to form more stable forms, depending on soil type and environmental 
conditions.  Soil minerals, particularly those containing Ca, Mg, Fe, and Al, have a strong 
influence of P retention and stability in aquatic systems.  P is readily adsorbed or precipitated by 
these cations, but the stability of these compounds is then very dependent on fluctuating redox 
conditions.   
 
In a study on Lake Apopka marsh soils, Olila et al. (1997) has shown that P flux can increase by 
five and ten fold for three and six weeks drawdown and reflooding for 30 days.  Phosphorus flux 
was rapid during the first day of reflooding with values increased by 30 and 300-fold for three and 
six weeks drawdown and reflooding, respectively (Olila et al., 1997).  Drying of sediments could 
reduce both buffer capacity and bioavailable P concentrations but increase the equilibrium P 
concentration by a factor of three, thereby increasing P release potential by dried sediments.  
 
There is a serious concern that newly accreted peat material during flooded conditions can be 
oxidized during dry periods, resulting in decreased overall P retention by the wetland.  This 
oxidation results in the conversion of organic P into labile inorganic P, which can be subsequently 
released into the overlying water column (Olila et al., 1997).  The decomposition and P 
retention/release characteristics need to be determined under various hydrologic conditions.  
Organic material accreted near the inflow of the Stormwater Treatment Areas (STAs)  of the 
Everglades  is usually labile.  Under flooded conditions, a slow rate of anaerobic decomposition 
keeps this material in relatively stable form.  However, dry-down and creating aerobic conditions 
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results in rapid oxidation of the labile organic pool.  At present there is no quantitative evaluation of 
the oxidation of the newly accreted peat material, resulting in the conversion of organic P pools into 
labile inorganic P which is subsequently transported into the water column.   
 
Increasing the frequency of exposure of St. Johns river wetland soils may increase organic P 
mineralization and increase soluble reactive P concentrations in the floodwater.  Similarly to N, 
the P soluble in water or in particulate form would follow drainage patterns toward the river.  
However, predicting mobility and potential for export from wetlands of P released during 
decomposition is often difficult because the P availability is mediated by adsorptive and 
precipitation reactions with soil minerals (Harris, 2002), so its ultimate fate is dependent on 
environmental conditions.  P contained within DOM is more prone to export from wetlands, and 
upon decomposition of DOM, its bioavailability may stimulate microbial and algal productivity 
in the river. 
 
9.0 Reactivity and Mobility of Metals 
 
Metals which are toxic to aquatic plants and animals can enter wetlands from several sources 
(Gambrell, 1996).  Toxic metals in wetland soils exist in various forms and may undergo 
numerous transport and transformation processes when they enter wetlands. Dissolved metals 
may be taken up by biota or sorbed to particle surfaces. Metals may dissolve precipitate, desorb 
or be involved in redox reactions.  The chemical properties, concentrations, and availability 
determine their fate and toxicity.  In wetlands soils the amount of organic matter, clay mineral, 
soil acidity (pH) and sediment oxidation/reduction status governs the solubility and mobility of 
toxic  metals.  The speciation of metal forms found in wetland soil includes: 1) water soluble 
metals include soluble free ions and complexes with DOM; 2) exchangeable metals; 3) metals 
precipitated as inorganic compounds; 4) metals complexed with large molecular weight humic 
materials; 5) metals precipitated as insoluble sulfides or carbonates; and 6) metals bound in 
crystalline lattice of clay and parent sediment matter. 
 
Wetlands are characterized by soil conditions that include water saturation near the soil surface 
which limits O2 diffusion deep into the soil.  As a result, dissolved O2 is consumed as a terminal 
electron acceptor by microbial respiration and the microbial population turns to alternate electron 
acceptors such as NO3, ferric iron, manganic manganese, SO4, and other oxidized materials.  
Consequently, different chemical and microbial processes occur than would be normal for 
upland, drained soils. Soil chemical and microbial processes affecting trace and toxic metal 
mobility and bioavailability are very different in wetland compared with upland soils.  When 
changes occur in the oxidation status of soils and sediments, transformations of metals between 
chemical forms may occur affecting their mobility and plant availability. Soil oxidation 
conditions also influence soil pH, a major factor influencing metal chemistry.  As oxidized soils 
are flooded and become anaerobic, the pH tends toward neutrality, regardless of whether the soil 
was acid or alkaline initially.  Thus, the range of pH in typical wetland soils is much smaller than 
found for upland soils.  The near neutral pH conditions of wetland soils favors metal 
immobilization. 
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All soils and sediments contain some concentration (usually low) of trace and toxic metals from 
natural sources. These background levels can vary widely depending on a number of factors such 
as parent material, sedimentation processes in water bodies, and other factors. It is a result of 
human activities that cause levels of metals to increase in soils to the point they present potential 
health or ecological risks.  However, elevated concentrations of metals do not necessarily result 
in releases to water.  In addition to the particular metals present and the amount of these metals, 
the chemical forms present and processes affecting transformations between these forms are 
important to assessing risk.  There are a number of general chemical forms, such as water-
soluble metals, soluble as free ions, soluble as inorganic complexes, soluble as organic 
complexes, exchangeable metals, metals precipitated as inorganic compounds, metals complexed 
with large molecular-weight humic materials, metals adsorbed or occluded to precipitated 
hydrous oxides, metals precipitated as insoluble sulfide, and metals bound within the crystalline 
lattice structure of primary minerals. 
 
Water-soluble metals are the most mobile and plant available.  Exchangeable metals are those 
bound to soil surfaces by cation exchange processes. Metals in this form are considered weakly 
bound and may be displaced relatively easily to the water-soluble form.  Together, metals in the 
soluble and exchangeable form are considered readily mobilized and available.  On the other 
extreme are metals bound within the crystalline lattice structure of clay minerals by isomorphous 
substitution.  Most of these metals are unavailable.  Metals precipitated as inorganic compounds 
normally include metal oxides, hydroxides, and carbonates.  The stability of these inorganic 
metal compounds is controlled primarily by pH.  At near-neutral to somewhat alkaline pH levels, 
metals tend to be effectively immobilized. If pH becomes moderately to strongly alkaline, 
sediments become oxidized and these metals may be released.  Metals completed with large 
molecular weight organics tend to be effectively immobilized.  There is some evidence that at 
least some metals are more tightly bound by organics under anoxic or reducing conditions 
compared with upland conditions. 
 
Many of the other trace and toxic metals such as Mg, Cu, Zn, Cd, Pb, and Ni are not subject to 
changes in oxidation state as a consequence of soil oxidation/reduction conditions.  Chemical 
mobility of a number of trace and toxic metals that are not subject to valence state changes is 
nevertheless affected by changes in pH and redox potential in sediments.  For example, Cd and 
Zn are frequently found to be released from tightly bound forms to the more mobile water-
soluble and exchangeable forms under oxidizing conditions compared with reducing conditions, 
especially as the pH drops to moderately acid levels.  The processes responsible for the observed 
redox effects were the formation and stability of metal sulfides in typical coastal sediments under 
strongly reducing conditions, whereas metal sulfides are not stable under oxidizing conditions.  
Also, the data indicated insoluble humic material associated with reduced sediments more tightly 
bound trace and toxic metals than did humic materials under oxidized or simulated upland 
conditions.  
 
Trace and toxic metals are more strongly immobilized under wetland compared to upland soil 
conditions.  A strong association of metals with insoluble humic materials near neutral pH 
associated with flooded soils and sediments are also factors.  At equivalent substrate 
contamination levels, plant uptake, leaching losses, and surface runoff losses have all been 
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shown to be a significant migration pathway for metals under upland conditions compared to 
wetland conditions.  The processes contributing to metals immobilization in wetland soils should 
also contribute to retention of metals released into wetlands from point and nonpoint sources, 
assuming favorable hydrology and reasonable loading rates.  At relatively slow flow rates, 
adsorptive surfaces of clays and humic materials should effectively scavenge and retain trace and 
toxic metals.  Considering the importance of soil pH to metal mobility and plant availability, 
more attention should be given to seasonal changes in pH due to changing redox conditions in 
wetland transition zones.   
 
Metal cycling in wetlands is very dependent on pH and redox potential, thus increasing the 
frequency of soil exposure increases redox potential and potentially decreases pH, which 
changes solubility of metals.  Likewise, metal complexes with organic matter are released upon 
decomposition, thus bioavailability may increase due to the influences of water withdrawals.  
The complex nature of metal chemistry in aquatic systems makes it difficult to assess their 
response to changing environmental conditions. 
 
10.0 Greenhouse Gas Emissions 
 
Wetlands can serve as both sources and sink for greenhouse gases (see reviews by Freeman et 
al., 1993 and Kasimir-Klemedtsson et al., 1997) (Figure 9).  Drained organic soils are identified 
as a major source of CO2.  Flooded organic soils emit only minor amounts of N2O but are strong 
emitters of methane (CH4).  In contrast, drained organic soils can emit N2O and low amounts of 
CH4 to the atmosphere. Thus, drainage and soil cultivation induce profound shifts in the 
emissions of N2O and CH4.  The Global Warming Potentials of these two gases are much higher 
than that of CO2, as CH4 has 25 times higher impact on climatic warming than CO2, and N2O has 
320 times more than CO2, over a 100 years perspective (Freeman et al., 1993).  Thus, the trace 
gas emission from organic soils can be calculated in terms of equivalent CO2 emission.   
 
Gaseous end products under drained conditions (aerobic respiration using O2) are primarily CO2, 
but under flooded conditions (denitrification, SO4 reduction, methanogenesis), reduced S gases 
and CH4 in addition to CO2 are released.  Denitrification occurs under anaerobic conditions in 
the absence of O2, however, denitrification can occur in drained soils if anoxic microsites are 
present.  Sulfate reduction and methanogenesis are greatest in continuously flooded wetland soils 
but their contribution to total metabolism decreases with drainage.  Products of anaerobic 
respiration occurring in flooded soils below the level of drained soils include CH4 and reduced S 
gases, but these often oxidize as they flux upward toward the soil surface.  Methane oxidation by 
methane oxidizing bacteria is very efficient, consuming approximately 90% of the maximum 
CH4 flux (King et al., 1990).  Thus, the presence of thick layers of drained peat may limit CH4 
emissions even though underlying peats may be under flooded conditions producing CH4 and 
reduced S gases.  Thus, drainage would decrease CH4 and S gas emissions and shift more toward 
CO2 emissions, but due to the complexity of solar radiation adsorption/reflective characteristics 
of different gases, the net effect of drainage on greenhouse gas emissions may be difficult to 
determine.    
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Drainage and cultivation of peat soils increase soil aeration and reverse the C flux into net CO2 
emission into the atmosphere.  Drained organic soils are a large source of both CO2 emission, 
due to the net degradation of the parent material. The degradation results in measurable lowering  
of the surface level of the soil.  The significance of the N2O release from drained organic soils in 
the national gas budget is probably even more important than that of CO2.  Nitrous oxide is 
produced under suboxic conditions in soils as a byproduct of the microbiological processes 
nitrification and denitrification.  There are large uncertainties in N2O emission estimates based 
on flux chamber measurements, primarily due to the high spatial and temporal variability of N2O 
fluxes from soil. This spatial variability is due to spatial heterogeneity in both soil physical and 
microbial processes, manifested at different scales, from microplot scale to landscape and 
regional scales.  Seasonal fluctuations also occur due to bursts of substrate availability following 
perturbations such as drying/wetting and freeze/thaw events. Nitrous oxide production and 
emission in organic soil depends on drainage and soil moisture content, with the highest flux at 
intermediate soil moisture content.  The depth of the groundwater table and the soil density, both 
of which are parameters influencing the gas conductivity in the soil, may also be important.  
 
One of the major sources of CH4 to the atmosphere is wetlands.  The production occurs in 
waterlogged areas with anoxic subsoil.  The main factors which have been proposed to regulate 
the emission from undrained peat soil are temperature, groundwater level, and the type of 
vegetation.  The importance of the plants is specifically due to the net primary productivity 
coupled to heterotrophic respiration and also in the effect of plants as transport channels for 
emission from the soil and for O2 transport to the soil.  The land use of the wetland also has an 
impact on methane production.  When organic soils are subjected to drainage, O2 concentrations 
increase and thus methane production decreases while methane oxidation increases.  Hence, 
draining of organic soils decreases methane emission rates.  
 
Water withdrawals from the St. Johns River will increase the frequency of soil exposure that may 
change gaseous emissions from riparian wetland soils.  A shift from CH4 and reduced S gas 
emissions may occur leading to greater CO2 emissions.  Nitrous oxide emissions are somewhat 
more difficult to assess, but will likely decrease as aerobic respiration becomes more dominant 
after drawdown. 
 
11.0 Data Gaps and Future Directions 
 
Summary of available literature data are summarized in Tables 1 – 8.  The data includes: 
microbial biomass and enzyme activities, greenhouse gas production rates, rates select 
biogeochemical processes; release rates of dissolved organic carbon, and soil subsidence rates.  
These data includes both for drained peatlands and wetland soils and flooded peatlands and 
wetland soils.  The data collected is not comprehensive and is limited to address the effect of 
water level drawdown on biogeochemical processes and impact on water quality, carbon 
sequestration, and greenhouse gas emissions.  However, the literature data provides relative 
ranges in rates and fluxes in select wetland ecosystems.   
 
The Environmental Water Management Plan for The Upper St. Johns River Basin (1996) calls 
for a “...mean depth and inundation frequency of the central critical elevation such that there will 
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be no net loss of organic soils through oxidation.”  This is one element of a set of hydrologic 
criteria that includes frequency of inundation, maximum depth, magnitude of annual fluctuation, 
timing of fluctuation, and water level recession rates.  Environmental hydrologic criteria that 
numerically describe each of these characteristics are currently being developed and refined.  
These criteria will ultimately be used to direct the operation of project structures when water 
levels are below established flood control regulation schedules.  
 
Site-specific research is necessary to accurately determine rates of biogeochemical processes.  
Since many biogeochemical properties are interrelated, it is important to generate data specific 
for the projected conditions that would develop after water withdrawal, including assessment of 
differences in vegetation, soils, and hydrologic conditions.  Precise mapping of sites potentially 
affected by water-level drawdown is needed to determine the extents of soils affected by water 
withdrawals.  Effects of fluctuating water levels (extremes) on microbial activity and soil 
oxidation may also need to be addressed.  Dissolved organic matter creation, export, and its role 
in nutrient sequestration require further attention.  Due to its significant impacts on nutrient and 
metal cycling, the role of DOM cycling in many biogeochemical processes in not entirely 
understood.  The following are some examples of critical data gaps and research needs to address 
the influence of water level drawdown on floodplain wetlands in the St. Johns River Basin.  This 
includes the effects under the existing conditions of long-term hydrology compared to the return 
interval of the same event under the MFLs defined hydrologic conditions.   The assessment 
should consider if the system can recover from slightly fewer high flow events or can recover 
from slightly more low flow events.  
 

• Spatial mapping of soil organic matter and associated nutrients  
• Determine DOM and nutrient release rates under a range of water table conditions 
• Determine rates of biogeochemical processes under a range of water table conditions 
• Determine carbon and nutrient sequestration  
• Determine the influence of fluctuating water levels on DOM and nutrient release 
• Determine temporal and spatial patterns in soil organic matter oxidation rates 
• Models to integrate process level data across spatial and temporal scales 

 
 
12.0 Conclusions 

 
In summary, drainage of organic soils stimulates oxidation and increases nutrient generation, 
which may pose an environmental hazard to the St. John’s River.  Inorganic nutrients, such as N, 
P, and SO4, generated in riparian wetlands are mobile and thus their concentrations in the river 
may increase upon water withdrawals.  Drainage increases microbial activity, such as microbial 
biomass and enzyme activities, which facilitate oxidation of organic matter, leading to 
subsidence and loss of soils.  Many studies have conclusively shown that oxidation of organic 
soils is primarily dependent on water-table depth, and that soils above the water table are prone 
to oxidation and release of nutrients.  Total gas emissions would be expected to be higher under 
drained than flooded soils as a result of higher microbial metabolism, but the endproducts differ.  
Drained peats emit CO2 as the endproduct of microbial activity, while flooding may increase the 
proportion of CH4 and reduced S gases.  Export of DOM and nutrients from wetlands to the St. 
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Johns River will likely occur after water withdrawals, but are also dependent on wetland 
vegetation and environmental conditions. 
 
Lowering water table influences the following biogeochemical processes: 

– Increases aerobic portion of the soil profile 
– Increases rates of organic matter decomposition  
– Decreases methane emissions 
– Enhances nitrification-denitrification process 
– Increases nitrous oxide emissions 
– Inhibits dissimilatory reduction of iron and manganese compounds 
– Inhibits sulfate reduction 
– Decreases soil pH 
– Enhances precipitation of phosphorus 
– Decreases internal load of nutrients  
– Increases pulsed loading of nutrients  
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Figure 1.  Schematic showing the influence of water-table  depth on oxygen flux into wetland 
soils  (Reddy and Delaune, 2008). 
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Figure 2.  Sequential reduction of inorganic electron acceptors in wetlands soils (Reddy and 

Delaune, 2008). 
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Figure 4.  Regulators of organic matter decomposition in wetland soils (Reddy and Delaune, 
2008). 
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Figure 3.  Schematic showing the microbial pathways involved in decomposition of soil organic 

matter (Reddy and Delaune, 2008) 
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Figure 5.  Influence of water tabl ganic matter in peat lands of 

the Upper St. Johns River Basin (Reddy et al., 2006). 

 

 
 

igure 6.  Nitrogen transformations in wetland soils (Reddy and Delaune, 2008). 
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Figure 7.   Phosphorus transformations in wetlands (Reddy and Delaune, 2008). 
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Figure 8.  Sulfur transformations in wetlands (Reddy and Delaune, 2008).  

krr Page 37 1/27/2009 



  DRAFT 
  

 
 
 
 

Detritus

Peat

CO2

CO2

CH4

Flooded Soil ConditionsFlooded Soil Conditions
[A]

CH4

NO3

N2O

N2O

CH4

 
 
Figure  9.  Schematic showing potential greenhouse gas emissions in wetlands: (a) flooded soil 

conditions and (b) water table below the soil surface. 
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15.0    List of Tables 
 
Table 1.  Microbial biomass and extracellular enzyme activities from drained peatlands.  
 
Parameter Site Condition Rate Reference 
     
Microbial biomass C Blue Cypress Marsh Drained peatland 6.6 g C/kg Reddy et al., 2006 
Microbial biomass N Everglades 

Agricultural Area 
Drained peatland 0.32 g N/kg Ye et al., 2008 

Microbial biomass P Everglades 
Agricultural Area 

Drained peatland 99 mg P/kg Ye et al., 2008 

Total phenolics Blue Cypress Marsh Drained peatland 0.15 g/kg Reddy et al., 2006 
Phenol oxidase Blue Cypress Marsh Drained peatland 5.76 mole dicq/kg/d Reddy et al., 2006 
B-D-glucosidase Blue Cypress Marsh Drained peatland 8.64 g MUF/kg/d Reddy et al., 2006 
Dehydrogenase Everglades 

Agricultural Area 
Drained peatland 0.30 g 

formazan/kg/d 
Tate & Terry, 1980 

Cellobiohydrolase Everglades 
Agricultural Area 

Drained peatland 6504 g/kg/d Ye et al., 2008 

Leucine 
Aminopeptidase 

Everglades 
Agricultural Area 

Drained peatland 86 g/kg/d Ye et al., 2008 

Phosphatase  Everglades 
Agricultural Area 

Drained peatland 31 g MUF/kg/d Ye et al., 2008 

Arylsulfatase Everglades 
Agricultural Area 

Drained peatland 9.6 g MUF/kg/d Ye et al., 2008 

N2 fixation Florida Cypress dome 8.2 mg N/m2/d Bowden, 1987 
Nitrification Sweden Typha marsh 27 mg N/m2/d Bowden, 1987 
Denitrification Florida Cypress dome 0.55 mg N/m2/d Bowden, 1987 
 
Table 2.  Microbial biomass and extracellular enzyme activities from flooded peatlands. 
 
Parameter Site Condition Rate Reference 
     
Microbial biomass C Blue Cypress Marsh Wetland 9 g C/kg Corstanje & Reddy, 2004 
Microbial biomass N Everglades Wetland - 

unenriched 
0.4 g N/kg White & Reddy, 2003 

Microbial biomass P Blue Cypress Marsh Wetland 65 mg P/kg Bostic & White, 2006 
Phenolics Blue Cypress Marsh Wetland 0.2 g/kg Reddy et al., 2006 
Phenol oxidase Blue Cypress Marsh Wetland 1.4 mol dicq/kg/d Reddy et al., 2006 
B-D-glucosidase Blue Cypress Marsh Wetland 0.15 g MUF/kg/d Reddy et al., 2006 
Dehydrogenase Sunnyhill Farm Wetland 0.04 g 

formazan/kg/d 
McClatchey & Reddy, 
1998 

Phosphatase  Blue Cypress Marsh Wetland 3.0 g MUF/kg/d Corstanje & Reddy, 2004 
Arylsulfatase Everglades Wetland - 

unenriched 
72 g p-
nitrophenol/kg/d 

Wright & Reddy, 2001b 

Nitrification Everglades Wetland - 
unenriched 

17 mg/kg/d White & Reddy, 2003 

Denitrification Everglades Wetland - 
unenriched 

245 mg/kg/d White & Reddy, 2003 
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Table 3.  Carbon, nitrogen, and phosphorus release rates from peatlands subjected to drainage. 
 
Parameter Site Condition Rate Reference 
     
DOC release Everglades 

Agricultural Area 
Drained peatland 460 mg DOC/m2/d Martin et al., 1997 

Total N release Everglades 
Agricultural Area 

Drained peatland 380 mg N/m2/d Tate, 1976 

TKN release Everglades 
Agricultural Area 

Drained peatland 31 mg TKN/m2/d Martin et al., 1997 

NH4 release Everglades 
Agricultural Area 

Drained peatland 5.5 mg N/m2/d Martin et al., 1997 

NO3 release Everglades 
Agricultural Area 

Drained peatland 14 mg N/m2/d Martin et al., 1997 

Total P release Blue Cypress Marsh 
 

Peat 26.6  mg P/m2/d Bostic & White, 
2007 

SRP release Everglades 
Agricultural Area 

Drained peatland 1.0  mg P/m2/d Diaz et al., 1993 

 
 
Table 4.  Carbon, nitrogen, and phosphorus release rates from flooded peatlands. 
 
Parameter Site Condition Rate Reference 
DOC release Everglades Wetland - 

unenriched 
68 mg C/m2/d Qualls & Richardson, 

2003 
DOC release Upper Sacramento 

and San Joaquin 
River- Jones Tract 

Flooded peatlands-
field study 

482 mg C/m2 /d Reddy, 2005 

DOC release Upper Sacramento 
and San Joaquin 
River 

Flooded peatland-
mesocosms 

87 -612 mg 
C/m2/d 

Reddy, 2005 

Total N release Everglades Wetland - 
unenriched 

12 mg N/m2/d Qualls & Richardson, 
2003 

NH4 release Blue Cypress Marsh Wetland 460 mg N/m2/d Corstanje & Reddy, 2004 
NO3 release   negligible  
N accumulation  Everglades 

 
Wetland – 
unenriched 

10 mg N/m2 /d  
(3.8 g N/m2/yr) 

Craft & Richardson, 1993 

P accumulation  
 

Everglades 
 

Wetland – 
unenriched 

0.16 mg P/m2 /d  
(60 mg P/m2/yr) 

Craft & Richardson, 1993 

 
Table 5.  Greenhouse gas production and emissions from peatlands subjected to drainage.  
 
Parameter Site Condition Rate Reference 
     
Total C loss - 
subsidence 

Everglades 
Agricultural Area 

Drained peatland 3 cm/yr Snyder, 2005 

CO2 production Everglades  Drained wetland 2.4 g CO2-C/kg/d Wright et al., 2001a 
CO2 emission Ohio Drained peatland 5.2 g CO2-C/m2/d Eldor & Lal, 2008 
CH4 production Blue Cypress 

Marsh 
Drained peatland 25 mg CH4-C/kg/d Reddy et al., 2006 

CH4 flux within soil Everglades Drained peatland 118 pmol/m2/d King et al., 1990 

krr Page 40 1/27/2009 



  DRAFT 
  

 
CH4 emission Ohio Drained peatland 2.1 mg CH4-C/m2/d Eldor & Lal, 2008 
N2O emission Ohio Drained peatland 9.9 mg N2O-N/m2/d Eldor & Lal, 2008 
 
 
Table 6.  Greenhouse gas production and emissions from flooded peatlands. 
 
Parameter Site Condition Rate Reference 
     
Peat accumulation Everglades Wetland – 

unenriched 
0.16 cm/yr Craft & Richardson, 1993 

CO2 production Everglades Wetland – 
unenriched 

1.8 g C/kg/d Wright & Reddy, 2001a 

CO2 emission Blue Cypress Marsh Wetland 0.3 g C/m2/d Reddy et al., 2006 
CH4 production Everglades Wetland – 

unenriched 
340 mg C/m2/d Schipper & Reddy, 1994 

CH4 emission Everglades Wetland – 
unenriched 

42 mg C/m2/d Schipper & Reddy, 1994 

N2O production Everglades Wetland - 
unenriched 

240 mg N/kg/d White & Reddy, 2003 

 
 
 

Table 7.  Relationships between water-table depth and soil oxidation rate 
for various organic soils (Stephens, 1984)  
  
Florida  y=0.0643x-0.259  
Indiana y=0.0344x-0.429  
Netherlands y=0.0281x-0.581  
Netherlands y=0.0134x-0.291  
 
x = average water table depth (cm); y = oxidation rate (cm/yr) 
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Table 8.  Soil subsidence rates for different organic soils after drainage (Stephens et al., 1984). 
 

Location 
Subsidence Rate  
(cm yr-1) Time Period (years) 

    
California Delta 2.5-8.2 26 
Louisiana 1.0-5.0  
Michigan 1.2-2.5 5 
New York 2.5 60 
Indiana 1.2-2.5 6 
Florida Everglades 2.7-4.2 54 
Netherlands 0.7 100 
Ireland 1.8  
Norway 2.5 65 
England 0.5-5.0  
Israel 10  
Russia 2.1 47 
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I. Executive Summary 

Plankton (phytoplankton and zooplankton) are basic to the food web in aquatic ecosystems. 

Hydrologic conditions affect planktonic communities in lakes, rivers, and estuaries. Higher flows 

generally mean increased nutrient loading and shorter hydraulic residence times through river 

reaches and run-of-the-river lakes. These processes interact to affect growth of phytoplankton 

and particularly development of cyanobacterial blooms. 

The Plankton and TMDL Work Group was charged with the identification and quantification of 

possible environmental impacts of water withdrawals on plankton communities and established 

Total Maximum Daily Loads in the Lower (LSJR) and Middle St. Johns River. Phase 1 of this 

project focused on answering the following questions where this was feasible with existing data:  

 What are the potential impacts, and which impacts are likely to be significant? 

 What mechanisms or empirical relationships connect direct hydrologic consequences of 

water withdrawal to direct or indirect environmental impacts? 

 What environmental and hydrologic criteria are appropriate to measure impacts? 

 What environmental and hydrologic boundaries define significant adverse effects? 

We considered sixteen potential impacts of water withdrawals on plankton communities. 

Hydrology strongly affected relationships between nutrients and phytoplankton biomass. 

Nutrient concentrations either decreased or were unaffected at long residence times (low flows). 

Phytoplankton biomass and percent dominance by cyanobacteria both increased with long 

residence times. Durations of algal blooms in the fresh tidal LSJR increased with long water 

residence times measured as simulated water age. 

During periods of short residence times (high flows), other limitations such as light or flushing 

rate prevented algal biomass from reaching levels commensurate with nutrient concentrations. 

Dissolved color increased at short residence times, which likely resulted from flooding of 

riparian wetlands at high stages and from increased watershed runoff. High dissolved color likely 

contributed to light limitation of phytoplankton biomass at high flows. 

Consequences of phytoplankton blooms in the LSJR included reduced abundance of crustacean 

zooplankton, periods of low dissolved oxygen (DO) after bloom collapses, algal toxins, and 

internal loading from nitrogen fixation. Because of this cause-effect relationship, effects of 

proposed water withdrawals on these phenomena will be aggregated with effects on 

phytoplankton blooms. 

Work in Phase 2 will refine, expand, and complete the analyses begun in Phase 1. We will 

complete evaluation of the potential effects under consideration and evaluate specific water 

withdrawal scenarios. The final report will cover both Phases 1 and 2 of the project.  
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II. Introduction 

The St. Johns River Water Management District (SJRWMD) is undertaking an evaluation of 

potential cumulative effects of alternative water supply (AWS) withdrawals on the biological and 

water resources of the St. Johns River. Potential effects are screened to determine whether any 

would cause significant adverse impacts to critical biological communities, species, and water 

resource values. The objective is to determine the acceptable limits of change (environmental 

boundaries) in those environmental factors that are affected by water withdrawals. These limits 

will be established to ensure that water withdrawals will not cause unacceptable effects to the 

water quality and biological resources of the St. Johns River (Lowe [this volume]). 

Hydrologic conditions affect planktonic communities in lakes, rivers, and estuaries. Export of 

nutrients and dissolved organic matter from floodplains and watersheds increases with increased 

rainfall. Higher flows generally mean greater water velocities in rivers and shorter retention 

times through river reaches and run-of-the-river lakes. Nutrient recycling and phytoplankton 

nutrient uptake can decline as retention times shorten. Freshwater inputs to estuaries help 

determine density stratification and therefore the resistance to wind-driven mixing. These 

interacting processes affect growth of phytoplankton and particularly development of 

cyanobacterial blooms in river-estuary systems (Figure 2).  

Because of direct and indirect effects of water flows (Fulton and Hendrickson [this volume]), 

withdrawals of water could affect nutrient concentrations and plankton communities in the St. 

Johns River. 

Plankton (phytoplankton and zooplankton) are basic to the food web in aquatic ecosystems 

(Carpenter and Kitchell 1993, Scheffer 1998). Virtually all fish are dependent on zooplankton 

food organisms during a period after hatching, and some fish rely heavily on zooplankton during 

other parts of their lifecycle. 

Nutrient enrichment increases phytoplankton abundance and can lead to a phytoplankton 

community dominated by undesirable bloom-forming taxa, such as cyanobacteria and red-tide 

dinoflagellates, which can have deleterious effects on herbivorous  zooplankton and on higher 

trophic levels (Scheffer 1998, Paerl et al. 2001a, Paerl and Fulton 2006).  Furthermore, algal 

blooms characteristic of enriched conditions can shade desirable submersed plants, contribute to 

low dissolved oxygen, and produce toxins (Scheffer 1998, Paerl et al. 2001a, Paerl and Fulton 

2006). 

The Plankton and TMDL Work Group was charged with the identification and quantification of 

possible environmental impacts of water withdrawals on plankton communities and established 

Total Maximum Daily Loads (TMDLs) in the Lower and Middle St. Johns River. 

Most of the potential impacts that we investigated are causes or consequences of enhanced 

growth of phytoplankton. Consequently, phytoplankton biomass and composition were primary 

focuses of our work. Our efforts in Phase 1 were directed to answering the following questions 

where this was feasible with existing data (Figure 1):  
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 What are the potential impacts? 

 Which impacts are likely to be significant? 

 What mechanisms or empirical relationships connect direct hydrologic consequences of 

water withdrawal to direct or indirect environmental impacts? 

 What environmental and hydrologic criteria are appropriate to measure impacts? 

 What environmental and hydrologic boundaries define significant adverse effects? 

Phase 1 also included a summary of pertinent literature that is reported separately. 

Work in Phase 2 will complete the analyses begun in Phase 1, including the integration of new 

data into existing data sets. Specific water withdrawal scenarios will be evaluated in Phase 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

1. Characterize the relationships between hydrologic variables and direct 

or indirect impacts on plankton 

2. Establish environmental boundaries for significant adverse effects on or 

from plankton 

3. Identify hydrologic regimes compatible with environmental boundaries 

Figure 1. Summary of investigational path in Phase 1. 
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Figure 2. Processes affecting growth of phytoplankton and development of cyanobacterial 

blooms in river-estuary systems. Most of the energy fluxes and nutrient cycling processes 

diagrammed in the foreground water column are occurring in all portions of the aquatic 

continuum from fresh water to ocean. OM: organic matter. Figure from H. Paerl. 
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III. Methods and Materials 

A. Description of Study Area 

The study area includes two sections of the St. Johns River Basin (Figure 3). The first section is 

the freshwater tidal portions of the Lower St. Johns River (LSJR) including Lake George. The 

second section, the Middle St. Johns River (MSJR), is upstream from the Lake George basin and 

includes three lakes (Jesup, Monroe, and Harney) and two tributaries. 

We focused our examination of effects of water withdrawal on these sections of the St. Johns 

River for several reasons. First, these sections already show degraded water quality and suffer 

from algal blooms, periodic hypoxia, and risk for cyanotoxins. Second, a primary effect of 

withdrawals of water will be a decrease in downstream flow of fresh water and an increase in 

hydraulic residence times. Residence times in sections of the river down through the freshwater 

reach will be the most sensitive to reduced freshwater flows because sections further downstream 

are increasingly flushed by tidal flows. Finally, for the more saline downstream portions of the 

estuary the strongest effects of freshwater flows on algal blooms likely involve nutrient loading. 

An excessive transport of nutrients downstream is a high-flow rather than low-flow phenomenon 

and would not be exacerbated by water withdrawals. 

The Lower St. Johns River is a river estuary with significant lacustrine character due to the 

relatively low elevation of its headwaters and its low discharge relative to its depth and volume. 

The two predominant lacustrine features of the fresh tidal reach of the St. Johns River estuary are 

the broad river reach downstream (north) of the confluence of the large tributaries of the 

Ocklawaha River and Dunns Creek, referred to as the freshwater reach of the lower St. Johns 

River, and Lake George (Table 1, Figure 3). The freshwater reach of the LSJR is defined as that 

portion of the river from Palatka (River Mile 80 [128 km]) to the city of Green Cove Springs 

(RM 48 [77 km]), the location of the 50
th

 percentile occurrence of annual maximum salinity 

equal to 2.7 psu (salinity equivalent to the Florida definition of predominantly marine waters of 

1,500 ppm chloride [Florida Administrative Code 2008]). 

The LSJR is the southern-most river estuary of the South Atlantic region. It is unique within this 

assemblage of rivers in that its entire drainage area is within the Atlantic coastal plain, unlike 

river estuaries to the north that drain portions of the piedmont and Appalachian provinces. This 

physiographic setting results in watershed inputs that are high in colored dissolved organic 

matter and relatively low in inorganic ions, including dissolved silicate. River water nonetheless 

can exhibit substantial hardness and alkalinity due to the large contribution of artesian spring 

inputs. 
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Figure 3. Lower and Middle St. Johns River and lower portion of the Ocklawaha River. Major 

lacustrine features of the fresh-tidal reach of the LSJR are the broad river reach downstream 

(north) of the confluence with the Ocklawaha River (LSJR freshwater reach) and Lake 

George. Major lakes in the MSJR are Lake Monroe, Lake Jesup, and Lake Harney. 
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The timing of the St. Johns River annual runoff pulse also departs from that typically associated 

with Virginian Province and South Atlantic river estuaries. High runoff in the St. Johns River 

occurs in late summer and early fall, as opposed to the late winter to early spring ―freshet‖ 

pattern (Figure 4a). The low-flow phase occurs earlier in the year, typically from April through 

June. The interplay between the relative contribution of watershed runoff and artesian spring 

flow, mediated through intra- and inter-annual precipitation changes, tends to accentuate the 

annual phytoplankton productivity cycle that is characteristic of the runoff pulse and subsequent 

dry-down pattern of river estuaries. Seasonal variability in phytoplankton biomass is greater for 

short residence time LSJR sites than for longer residence time upstream lakes in the Ocklawaha 

River basin, the major tributary to the LSJR (Figure 4b). The pulsed pattern of water inflow to 

the St. Johns contributes to a succession in phytoplankton species dominance (Phlips and Cichra 

2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Estuaries commonly show phytoplankton biomass maxima somewhere along the freshwater to 

marine continuum. The LSJR shows maximal phytoplankton biomass within the fresh tidal 

reaches, with annual peak chlorophyll-a often in excess of 100 µg/L. Severe algal blooms in the 

fresh tidal LSJR have led to impaired water quality conditions, resulting in the establishment of a 

TMDL (USEPA 2008) to limit amounts of nitrogen and phosphorus. No regulatory nutrient limit 

has yet been established for Lake George, although the lake is listed as impaired for nutrients 

(FDEP 2008).   

Figure 4. (a) Mean monthly discharge as percent of annual total for the Susquehanna River at 

Marietta PA (1932 - 2007), the Neuse River at Kinston, NC (1983 - 2007), The St. Johns 

River at Deland, FL (1958 - 2006), and the North Fork of Black Creek at Middleburg, FL 

(1958 - 2006). Data from USGS. (b) Mean monthly Chl-a (uncorrected) as percent of the 

maximum monthly concentration for five lakes in the upper Ocklawaha River basin (L. 

Apopka, Harris, Dora, Eustis and Griffin) and for five locations in the LSJR (two sites in L. 

George and three in the freshwater reach).1996 – 2007. 
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Table 1. Morphometric parameters for the Lower St. Johns River lacustrine reaches at water 

levels 0 m (NAVD88). 

Segment Surface Area, km
2
 Mean Depth, m Volume, m

3
 x 

10
6
 

Lake George 210 2.8 581 

LSJR Freshwater Reach 180 2.9 528 

 

 

The Middle St. Johns River extends from the Econlockhatchee River in Osceola, Orange, and 

Seminole counties northward into Lake and Volusia counties—heavily urbanized areas in central 

Florida (Figure 3). The MSJR basin covers approximately 3,120 km
2
, includes 60 km of the St. 

Johns River, and is composed of five watersheds: the Econlockhatchee River, the Wekiva River, 

Lake Jesup, Lake Monroe, and Lake Harney including Deep Creek. Lakes Harney and Monroe 

were formed by a broadening of the St. Johns River. 

Three water bodies in the MSJR had TMDLs adopted in 2006—Lake Jesup, Crane Strand (Little 

Econlockhatchee River watershed), and Long Branch (Econlockhatchee River watershed). The 

Wekiva River, Rock Springs Run and other water bodies in the Wekiva Study Area had TMDLs 

developed in 2007 as a result of the Wekiva Parkway and Protection Act of 2004. Lakes Harney 

and Monroe are listed as impaired for nutrients (FDEP 2008), and the SJRWMD expects to 

complete Pollutant Load Reduction Goals for these lakes and the intervening segment of the SJR 

in 2009.  

A combination of past unregulated land use, waste disposal practices, and increased quantities 

and velocities of stormwater runoff have negatively impacted waterways in the MSJR. Lake 

Jesup is one of the most polluted lakes directly connected to the St. Johns River. Over the years, 

two canals, two bridge spans, and the State Road 46 bridge restricted water flow between Lake 

Jesup and the St. Johns River. Currently, Lake Jesup is connected to the St. Johns River by a 

single outlet channel. Lake Jesup receives stormwater runoff from urban portions of the 

watershed as well as agricultural runoff. The Lake Monroe watershed is heavily developed, 

although wetlands exist on the east and west shores of the lake. Lake Monroe receives wet 

weather discharges of reuse effluent from the city of Sanford. Lake Harney and the Deep 

Creek/Lake Ashby system make up the Deep Creek watershed. The Deep Creek watershed has 

the least impact from urbanization of any of the watersheds in the MSJR basin; however, existing 

water quality does need to be improved. 

In this phase of our evaluation of potential effects of surface water withdrawals on water quality 

in the MSJR, the focus is on the lakes where interactions between nutrient availability, water 
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color, and hydraulic residence time drive substantial and problematic algal production and 

biomass.   

 

Table 2. Morphometric parameters for the Middle St. Johns River lakes at long-term mean water 

levels (0.9 m, 0.7 m, 0.8 m NGVD1929 for Lakes Harney, Jesup, and Monroe)  

Lake Surface Area, km
2
 Mean Depth, m Volume, m

3
 x 10

6
 

Lake Harney 26.8 2.1 56.9 

Lake Jesup 42.6 1.3 53.7 

Lake Monroe 45.6 1.8 83.3 

 

 

B. Hydrology 

Raw hydrologic data sets for the LSJR and MSJR are identified in Appendices 1 and 2. We used 

several hydrologic variables to describe flow conditions in these reaches of the St. Johns River. 

Hydraulic residence times (HRT, units of time) for Lake George and for the freshwater reach of 

the LSJR were calculated directly from mean discharges and volumes over defined periods. 

Cumulative discharge measured at the upstream gauging station at Astor, FL (USGS 02236122) 

was used for Lake George. The sum of cumulative discharge measurements for the upstream 

stations at Buffalo Bluff, FL (USGS 02204040) and Dunns Creek, FL (USGS 02244440) was 

used for the LSJR freshwater segment. In some analyses, we used the inverse of HRT, or the 

volume replacement rate (VRR, units of inverse time). VRR is the number of volumes of the 

reach replaced in a defined time interval. We have begun to investigate the use of ―water age‖ 

(below) as a hydrologic variable and expect to rely increasingly on this variable in Phase 2 of the 

project. 

In Phase 1 of the project, we used water elevation (stage) as a surrogate for HRT in analyses for 

lakes in the MSJR but also began calculation of HRT. In the two flow-through lakes in the 

MSJR, we used daily volume estimated from stage and daily inflow (Harney) or outflow 

(Monroe) to calculate HRT. This calculation was complicated by the fact that the lakes’ dry 

season elevations were only slightly above sea level. Thus these lakes, especially Lake Monroe, 

were vulnerable to reverse flow events driven by winds and tides. 

Reverse flows into Monroe typically were short-lived (median 2 days). The longest consecutive 

period of reverse flows was 16 days in 2002. We did not calculate HRT for days with reverse 

flow. However, days with low but positive flows still yielded very high daily HRT. To reduce 

the variance of HRT, especially at lower dry-season stages, we calculated 7-day rolling medians 

(median HRT for consecutive 7-day periods). In Lake Harney, the higher lake surface elevations 

reduced the influence of tides such that flow reversals were less frequent. We made no estimates 
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of HRT for Lake Jesup since it is not a flow-through lake and not necessarily well mixed. In later 

phases of this project, we expect to use hydrodynamic model simulations to calculate HRTs and 

water ages for the lakes in the MSJR. 

The District has a calibrated hydrodynamic model for the LSJR and is extending the domain of 

that model upstream into the MSJR. This work will be completed for Phase 2 of the project. The 

hydrodynamic model allows calculation of ―water age‖, i.e. the time that packets of water reside 

in the model domain before reaching a specific location. Water age offers several conceptual 

improvements compared to HRT in evaluating hydrologic effects on environmental factors. In 

particular, water age incorporates actual antecedent variable flow conditions. Antecedent 

conditions can be considered in calculation of HRT by use of a lag time, but a constant lag time 

is less realistic than a continuous simulation of water age. Further, simulation of water age 

includes the dynamic circulation of water within water bodies, whereas calculation of HRT from 

volumes and discharges assumes instantaneous mixing. 

C. Water Quality 

Field Sampling 

In the LSJR, the majority of water samples for chemical and plankton analyses were collected as 

a 2.5-m vertical composite with a pre-cleaned, 3-m long, 3.8-cm inside diameter PVC pipe. At 

least five pipe collections per site were pooled in a sampling churn. A small number of samples 

were collected as grab samples at 0.5 m depth. 

In the MSJR, water samples (chemistry and phytoplankton) collected prior to October 2002 were 

collected from a single depth of 0.5 m using a 5 L horizontal van Dorn bottle. From Oct 2002 

through Dec 2005, water chemistry and phytoplankton samples were collected using a horizontal 

5 L van Dorn bottle at three depths (0.25, 0.5, and 1 m) and were composited into a single 

sample. Zooplankton samples were collected using a 30-cm (12-in) conical zooplankton net (80 

µm mesh) towed horizontally for 3.0 m (10 ft) at a depth of 0.5 m. Since Jan 2006, samples for 

water chemistry and zooplankton have been collected using an integrating tube sampler from the 

surface to a maximum depth of 3 m or 30 cm above the sediment. Zooplankton were collected by 

pouring 3 L through a 42-µm mesh. Phytoplankton samples were collected by integrated tube to 

a maximum depth of 1 m or 30 cm above the sediment. 

Samples for chlorophyll-a were collected in opaque bottles and placed on ice, and samples for 

total P and N were preserved with 1 N sulfuric acid. Phytoplankton and zooplankton samples 

were preserved with Lugol’s solution (Clesceri et al. 1998). Secchi depth was measured with a 

25-cm diameter disc with black and white quadrants. Additional analyses included dissolved 

oxygen (DO), pH, and water temperature by calibrated field probes. 

Analyses 

Dissolved nutrients were analyzed on water passing a 0.45 µm Gelman Supor membrane filter. 

The following methods were used in analysis, with numbers in parenthesis referenced from 
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Clesceri et al. (1998): NO2+3 by copper-cadmium reduction and diazitozation colorimetry (4500-

NO3-F); NH4 by the alkaline phenol-colorimetric method (4500-NH3-G); total Kjeldahl nitrogen 

(TKN) by high temperature sulfuric acid digestion on whole water (unfiltered) sample followed 

by NH4 analysis (4500-Norg-C); PO4 by antimony-phospho-molybdate complex ascorbic acid-

colorimetric method (4500-P-F); and total P (TP) by high-temperature sulfuric acid digestion on 

a whole water sample followed by PO4 analysis. Nutrient analyses were performed on an O-I 

Analytical Enviro-Flow FS 3000 auto-analyzer. Total suspended solids (TSS) were measured 

gravimetrically on a Whatman GF/C filter (2540-D). Chlorophyll-a (chl-a) was determined 

spectrophotometrically after filtration (Whatman GF/C) and extraction into 90% acetone (10200-

H, not corrected for phaeopigments). TN was calculated from total Kjeldahl-N plus NO2+3-N. 

Most surface water chemistry was performed by the SJRWMD laboratory, with a small number 

of samples analyzed by the Florida Department of Environmental Protection Bureau of 

Laboratories. SJRWMD water chemistry data below detection limits were not censored. 

In the LSJR, phytoplankton and zooplankton were settled and enumerated using an inverted 

microscope (Utermöhl 1958). For phytoplankton analysis, an aliquot of preserved sample was 

placed directly into settling chambers. Phytoplankton were classified and enumerated in random 

grids until a count of 100 counting units was attained or five grids were examined at 400X. 

Uncommon forms were enumerated in 30 grids. Large forms were enumerated at 100X utilizing 

the entire bottom of the chamber. Phytoplankton biovolumes were determined using the closest 

geometric shape(s) and the appropriate volumetric formula(e). Zooplankters were concentrated 

on a 41-µm mesh nylon filter. A minimum of three sub-samples were analyzed for each sample. 

Zooplankton were enumerated in settling chambers at 100X magnification, and counts were 

continued to a minimum of 100 for the most common taxa. 

In the MSJR, different analytical methods were used for phytoplankton and zooplankton 

depending on sampling date, as follows: 

MSJR Phytoplankton 

Nov 2002 to July 2007. Samples were quantified in a Palmer Maloney nannoplankton counting 

cell (PNCC) using a compound microscope with interference contrast microscopy at 400X. A 

sufficient number of random fields were analyzed to count 300 natural units. In samples with 

sparse phytoplankton, transects across the PNCC were enumerated. For rare and large taxa, one-

half or an entire PNCC was examined at 100X magnification. Phytoplankton were identified to 

the lowest practical taxonomic level. This usually was species for soft algae and for most 

diatoms on slides with special preparation. 

August 2007 to present. Phytoplankton analysis was performed by the Utermöhl (1958) method 

for inverted microscope examination following at least 4 hours settling per centimeter of sample 

height in the chamber. At least 400 algal units were enumerated at 1,000X magnification for 

each sample when possible by counting all organisms within random fields or along transects. 

The entire chamber was scanned at 100X for large/rare taxa. Cell biovolumes were determined 

by measuring the mean volume for up to ten specimens of a taxon at a station in that month. All 
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organisms were identified to species when possible using standard taxonomic references. Diatom 

identification was facilitated by acid cleaning or by making burn mounts. Permanent slides were 

made of the cleaned diatoms with Naphrax mounting medium. 

MSJR Zooplankton 

Oct 2002 to Feb 2003. Three 1-ml aliquots of sample concentrate were examined at 100x using 

an inverted microscope equipped with phase contrast. If the total tally was less than 200, 

additional aliquots up to a maximum of 20 ml were examined. Biomass was estimated with 

established length – weight relationships. 

March 2003 to present. Settling procedures for zooplankton were adapted from procedures 

described in Clesceri et al. (1998). Zooplankton were enumerated in settling chambers at 100X 

magnification. A minimum of three sub-samples were viewed to reach two count targets: 1) a 

minimum count of 100 individuals for each taxon, and/or 2) a total zooplankton count of at least 

250 individuals. Biovolume calculations used ten measurements of each taxon. 

Water-quality and hydrologic data sets available for the LSJR and MSJR are summarized in 

Appendices 1 and 2. 

IV. Results and Discussion 

A. Potential Effects of Water Withdrawal on Plankton, Nutrients, and TMDLs 

Based on previous analyses, literature information, and professional experience, we compiled a 

list of sixteen potential effects of water withdrawal on plankton, nutrients, and TMDLs (Table 3). 

We recognized that many of these effects are interrelated and that some effects are direct 

consequences of other effects (e.g., increased nutrient supply can cause more frequent algal 

blooms; algal blooms can cause reduction in zooplankton abundance). Most of these potential 

impacts are causal to or are effects of enhanced growth of phytoplankton. Consequently, 

phytoplankton biomass and composition were primary focuses of our work. 

In initial discussions of potential effects of water withdrawals, we included increases in fecal 

coliform bacteria. We subsequently removed this effect from consideration for two reasons: 1) 

we could not identify a likely mechanism whereby water withdrawals might increase fecal 

coliforms, and 2) fecal coliform bacteria represent a potential human health risk rather than an 

environmental risk and were outside the scope of this study. 

In Phase 1 of the project, we analyzed existing data sets to characterize relationships between 

hydrologic drivers and environmental responses, particularly enhanced phytoplankton biomass or 

responses that could be caused by phytoplankton growth. 
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Table 3. Summary of potential effects of water withdrawal on plankton, nutrients, and TMDLs. 

 

No. Category Potential Effect 

1 Phytoplankton Change in phytoplankton community composition. Effects 

on food webs and energy flow 

2 Phytoplankton Increased phytoplankton biomass. Harmful algal blooms. 

Cyanobacterial toxins 

3 Phytoplankton Reduction due to entrainment 

4 Zooplankton Change in zooplankton community composition 

5 Zooplankton Decreased crustacean zooplankton abundance 

6 Zooplankton Reduction due to entrainment 

7 Water Quality and TMDLs Increased nutrients due to reduced dilution, greater 

regeneration, or increased N2-fixation 

8 Water Quality and TMDLs Lower stage leading to increased resuspension, TSS, and 

nutrient concentrations 

9 Water Quality and TMDLs Lower dissolved oxygen (DO) at longer residence times 

10 Water Quality and TMDLs Change in water color (increased or decreased). Photolysis 

of DOC at longer residence time. Export of DOC if 

wetlands drained  

11 Water Quality and TMDLs Increased pH and/or NH4
+
 with toxic levels of un-ionized 

ammonia NH3 for fish 

12 RO concentrate Increased nutrients in RO Reject 

13 RO concentrate Increased cyanobacterial toxins in RO Reject 

14 Other Influx of saline water into Doctors Lake 

15 Other Oxidation of flood plain soils. Nutrient release 

16 Other Pycnocline shifts upstream into areas with less tidal mixing. 

Stable density stratification could exacerbate low DO 
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B. Annual Patterns for Hydrology and Algal Chlorophyll-a 

Lower St. Johns River 

Annual runoff in the LSJR tends to peak in late summer and early fall in response to summer 

convective storm precipitation and tropical systems. For example, in an eleven-year period the 

volume replacement rate (VRR) in the freshwater segment of the LSJR averaged 5.9 (per 6 mo) 

during high discharge (October through March) and 4 (per 6 mo) during lower discharge (April 

through September). Equivalent averages for Lake George VRR were 3.4 during the wet half of 

the year and 2.2 during the dry half. Large inter-annual variation in VRR also was apparent for 

both the wet season and dry season values (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The annual phytoplankton chlorophyll-a (chl-a) maxima in the LSJR were attained sometime 

between the months of May and August (Figure 6). Annual chl-a minima occurred sometime 

between the months of December and February and typically were an order of magnitude less 

than the annual maxima. 

The timing of the annual chl-a maxima and change-points in the sequence of community 

succession were related to both antecedent and concurrent hydrologic conditions. A contrast was 

evident between low discharge years and high discharge years, with low discharge years 

exhibiting earlier bloom initiation, higher maximum biomass, and longer sustained high biomass 

or secondary biomass peaks (Figure 6). The two driest years in the data record from 1994 

through 2006 (1999 and 2001) accounted for one-half of the highest five percent of chl-a values 

in Lake George, and slightly more than one-half of the upper five percent for the freshwater 

Figure 5. Wet season (October through March) and dry season (April through September) 

volume replacement rates (VRR) for lacustrine segments of the LSJR, 1995 - 2006. VRR was 

determined as the accumulated flow volume for each 6-mo period divided by the segment 

volume and is the inverse of hydraulic residence time. L. George flow determined at the 

upstream gauge at Astor, FL; LSJR Fresh flow determined from the sum of discharge 

measurements at Buffalo Bluff, FL and Dunns Creek, FL. 
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LSJR. During low discharge years, the spring bloom began exponential growth in early April. In 

wet years, initiation of the bloom typically was delayed until June. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phytoplankton enumeration and identification and nutrient enrichment assays (Phlips and Cichra 

2002, Schelske and Aldridge 1994, Paerl et al. 2001b) performed in the LSJR freshwater 

segments characterized a typical phytoplankton community succession pattern in which diatoms 

dominated in winter and early spring followed by increasing dominance by cyanobacteria. A 

nitrogen-fixing cyanobacterial community with one or two co-dominant species represented the 

culmination of this successional sequence. Following high-flow fall and winter runoff pulses, the 

late winter phytoplankton community was dominated by diatoms, and to a lesser degree, green 

algae (Phlips et al. 2007). Conversely, low-flow conditions in winter were associated with 

greater cyanobacterial dominance in the phytoplankton. 

Lakes in the MSJR and Lake George were refugia for phytoplankton and provided a ready 

inoculum to downstream reaches of the LSJR. 

Middle St. Johns River 

There were strong relationships between hydrologic residence time (HRT) and stage for the 

MSJR lakes (Figure 7), and we used stage as a surrogate for HRT in Phase 1 analyses. The 

variance of daily HRT values increased substantially at low stages (low flows), exacerbated by 

reverse flows in the SJR due to tides and transient increases in downstream stages. Rolling (7-

day) median HRT showed less variability than raw daily values. HRT values in both Lakes 

Harney and Monroe declined to less than 3 weeks at stage values exceeding approximately 0.7 

m. Lake Harney showed a greater frequency of very long retention times after this 7-d smoothing 

Figure 6. Annual patterns in chlorophyll-a for water quality monitoring stations at the outlet 

of Lake George and at the middle of the LSJR freshwater reach (Racy Point) 1994 through 

2006. Brown (dashed) lines indicate three years with the highest discharge, and green (solid) 

lines indicate three years with the lowest discharge. 



AWS-CIA Plankton/TMDL Phase 1 Report – Draft: 19 Dec 2008 - print 14-Jan-09 16 

(Figure 7). Lake Harney showed significant variation in volume (~3x) and area (~2.5x) between 

the wet and dry seasons. Variation in Lake Monroe was more moderate (volume ~2x, area 

~1.5x). 

 

 

 

 

 

 

 

 

 

 

 

 

In both Lakes Harney and Monroe, peak chlorophyll-a concentrations occurred during periods 

with low water levels and long retention times (Figure 8). Maximal chl-a values were about 25 

µg/L in Harney but were greater than 100 µg/L in Monroe. 

 

 

 

 

 

 

 

 

 

  

Figure 7. 7-d rolling median hydraulic residence times (HRT) related to stage for Lakes 

Harney and Monroe in the Middle St. Johns River. Harney: 1981-2008, Monroe: 1987 – 1989 

and 1995 – 2008. A few points lie off the Y-axis in each figure. 

Figure 8. Monthly mean values for chlorophyll-a and for lake stage in Lakes Harney and 

Monroe in the Middle St. Johns River. 
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C. Relationships between Water Quality and Hydrology 

Inter-annual variations in a number of water quality variables with bearing on system primary 

production were related to discharge and corresponding HRT, VRR, or stage in both the LSJR 

and MSJR. 

Lower St. Johns River 

In the fresh tidal LSJR, the strongest relationships with annual volume replacement rate (VRR) 

were seen for inorganic ions Cl and SO4 and specific conductance, with linear regression R
2
 

ranging from 0.74 to 0.85 (Figure 9, Cl and SO4 not shown). These strong negative relationships 

arose from the increased contribution during low discharge of mildly-saline water, arising from 

artesian springs and connate water upwelling in, and upstream of, Lake George. These saline 

inflows are relatively invariant in comparison with soft-water terrestrial runoff from 

precipitation. Very significant, positive linear relationships also existed for annual mean color 

and dissolved organic carbon and VRR (R
2
 values from 0.69 to 0.81, Figure 9), due to the 

contribution of colored dissolved organic matter from terrestrial runoff and inundation of riparian 

wetlands. Strong positive relationships existed between annual mean total and soluble reactive 

phosphorus concentrations and VRR (R
2
 values from 0.32 to 0.74). Weaker, but still significant 

relationships existed between inorganic nitrogen (primarily nitrate + nitrite N) and VRR, 

producing R
2
 values of 0.66 for Lake George, and 0.53 for the LSJR freshwater reach (Figure 9). 
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Figure 9. Linear relationships between annual mean water quality values (Y-axes) and annual 

volume replacement rates (VRR, X-axes) in fresh tidal segments of the LSJR. Means based 

on water years (Oct through Sep) for 1994 – 2007. VRR is the number of volumes of the 

reach replaced in each annual period. 
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Middle St. Johns River 

In contrast with the LSJR, neither TP nor dissolved inorganic nitrogen concentrations in Lakes 

Harney and Monroe changed significantly with lake stage (high lake stage was commensurate 

with high discharge and short hydraulic retention time) (Figure 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissolved color showed strong positive relationships with stage in both lakes (Figure 11). As in 

the LSJR systems, these relationships likely resulted from flooding of riparian wetlands at high 

stages and from increased runoff from the watershed. Secchi depth was negatively related to 

stage in Lake Harney (Figure 11), which was expected from the large increase in water color. We 

found a different pattern for Lake Monroe, where Secchi depth was relatively low at all stages 

(Figure 11). In Lake Monroe, low Secchi depths at high stages would be predicted from the high 

water color values. Low Secchi depths at low stage could have resulted from the higher algal 

densities in Lake Monroe than in Lake Harney (Figure 14). 

Figure 10. Monthly mean values for total phosphorus and dissolved inorganic nitrogen (NO3 

+ NO3 + NH4) vs lake stage. MSJR Lake Harney (2001-2008) and Lake Monroe (1991-2008). 
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Figure 11. Monthly mean values for dissolved color and Secchi depth vs lake stage (m 

NGVD1929). MSJR Lake Harney (2001-2008) and Lake Monroe (1991-2008). 
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D. Controls on Phytoplankton Biomass and Species Composition 

Lower St. Johns River 

Despite the positive relationships between nutrient (TP, SRP, inorganic N) concentrations and 

VRR over annual periods in the LSJR (Figure 9), algal community variables were negatively 

related to VRR (Figure 12). This negative relationship was present whether annual or seasonal 

data were compared, and whether chl-a or algal biovolume was used as a measure of algal 

biomass (Figure 12). Further, percent cyanobacterial composition also was negatively related to 

VRR for both Lake George and the freshwater reach of the LSJR (Figure 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Relationships between phytoplankton variables and volume replacement rates 

(VRR) for lacustrine sections of the LSJR. (a) mean annual chl-a vs annual VRR. (b, c, d) 

Apr – Jul chl-a, algal biovolume, and percent cyanobacteria vs antecedent season (Dec – Mar) 

VRR. Error bars: 95%CI for mean values within each period. VRR is the number of volumes 

of the reach replaced in each year (a) or each 4-mo season (b, c, d). Chl-a data represent 1996 

– 2007; other data represent 1997 – 2006. 
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The negative relationships between algal community variables (chl-a, biovolume, and percent 

cyanobacteria) and VRR were more significant when the antecedent season VRR, rather than the 

coincident season VRR, was used in regressions. The timing of the effects of hydrologic 

conditions on the phytoplankton community was variable. For Lake George, the strongest 

negative relationships existed between phytoplankton community variables and VRR lagged by 

three months. In the case of the freshwater reach of the LSJR, the strongest negative 

relationships were found with mean VRR lagged by approximately 2 months (data not shown). 

In further work, we anticipate shifting from residence time (or VRR) to simulated water age as 

the independent variable in these relationships. Water age incorporates the actual antecedent 

variable flow conditions, which should make water age a more-realistic flow variable than 

lagged VRR or HRT. 

Algal biomass was low at high discharges (high VRR) and was high under low discharge (low 

VRR) conditions, a pattern opposite from algal nutrients (N, P). This apparent disconnect 

between nutrients and algal biomass is better understood when high and low-flow years are 

examined separately. For low-flow (December – March VRR < 1) years, maximal spring algal 

chl-a concentrations were strongly related to total phosphorus concentrations (R
2
 = 0.59; Figure 

13). For high-flow (December – March VRR > 1) years, maximal chl-a and TP concentrations 

were not related (R
2
 = 0.021). In high-flow years, other limitations such as light and flushing rate 

suppressed the achievement of maximal algal standing stock even in the presence of sufficient 

nutrients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Relationship 

between spring (April – June) 

maximal chl-a and coincident 

TP concentration for years of 

high and low antecedent flow. 

Flow expressed as volume 

replacement rate VRR, or the 

number of volumes replaced 

during Dec – Mar. Regression 

line fits years for both reaches 

in which VRR < 1 (solid 

symbols). 1994 – 2007. 
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Middle St. Johns River 

A disconnect between TP levels and algal chl-a similar to that described for the LSJR (above) 

also was evident in Lakes Harney and Monroe. In both lakes, TP concentrations were relatively 

constant with lake stage (Figure 10), whereas chl-a reached maximal levels at low stages (long 

HRTs) (Figure 14). Similar to the LSJR, limitations such as light and flushing rate prevented 

algal biomass from reaching maximal values in high-flow years even though sufficient nutrients 

were present. Elevated water color values could be an important factor in restricting algal growth 

during high flows in the MSJR lakes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Monthly mean values for chl-a vs lake stage (top) and chl-a vs TP (bottom). MSJR 

Lake Harney (2002-2007) and Lake Monroe (1995-2007). 
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In both Lakes Harney and Monroe, phytoplankton communities were diverse when biomass was 

low under high flow conditions. Phytoplankton communities during the several months in each 

lake with highest biomass were dominated by cyanobacteria. 

E. Consequences of Algal Blooms in the LSJR and MSJR 

A myriad of water quality problems can arise from the accelerated eutrophication of surface 

waters and attendant algal blooms. These problems can include accumulation of organic 

sediments, lowered DO, lowered food quality for secondary consumers, algal toxin production, 

increased N loading, and shading of desirable submersed aquatic vegetation. Some of these 

negative effects were demonstrated in the SJR. To the degree that rates of primary production 

and amounts of algal biomass are driven by hydrologic patterns, hydrologic manipulations may 

affect water quality. 

Reduction in Zooplankton Abundance 

Crustacean zooplankton are considered the primary consumers of phytoplankton that result in the 

most efficient trophic transfer of primary production to higher consumers (e.g., fish). Up to a 

point, crustacean zooplankton will thrive on increased phytoplankton biomass. However, as 

phytoplankton biomass continues to increase, the relative abundance of algal species that are 

undesirable as food often increases as well. This decline in food quality can force a leveling-off 

or even a reduction in abundance of crustacean zooplankton and a decrease in upward transfer of 

energy. Analyses of plankton data (Phlips and Cichra 2002) found these patterns in the LSJR and 

led to the recommendation that chlorophyll-a not exceed 40 µg/L for more than 40 days. This 

chl-a limit was used to develop nutrient TMDLs for the freshwater reaches of the LSJR 

(Hendrickson et al. 2003). 

Low Dissolved Oxygen 

The rapid decline or ―crash‖ of high-density cyanobacterial blooms was a common phenomenon 

in the fresh tidal SJR (Hendrickson et al. 2003). These crashes occurred in the rapidly escalating 

spring blooms that typically were associated with low-flow years and took place shortly after 

blooms reached the stationary growth phase. The triggering events and mechanisms to explain 

these bloom crashes presently are unknown.  

Low DO levels resulted from heterotrophic utilization of the phytoplankton biomass during these 

bloom crashes. Steep declines in DO appeared virtually coincident with declines in algal 

biomass, although the exact timing could not be ascertained as chl-a data usually were collected 

once every two weeks (Figure 15). 
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Low DO events associated with crashes of spring blooms were not the only occurrences of low 

DO in the fresh tidal LSJR. Low DO also was associated with late summer and early fall 

increases in discharge (Figure 15). These periods with low DO likely resulted from different 

mechanisms than bloom-crash events. The most likely explanation was the import of 

allochthonous organic matter and low DO water from recently saturated near-stream source areas 

as well as the overall senescence of phytoplankton throughout the river system.  

Nitrogen Fixation 

Due to the prevailing condition of nitrogen limitation, most spring and summer phytoplankton 

blooms in the fresh tidal SJR progressed to the point of dominance by N2-fixing cyanobacteria 

(Phlips and Cichra 2002; Schelske and Aldridge 1994; Paerl et al. 2001b). These blooms could 

significantly increase the concentration of TN. For example, a cyanobacterial bloom in Lake 

George in 1999 increased the TN concentration from 1.3 mg/L on February 23, to 3.6 mg/L on 

June 22. Based on seasonal input-output mass-balance analyses for Lake George, the internal TN 

load averaged 630 metric tons/yr from 1996 through 2005 (Piehler et al. in press). 

The increase in TN concentration as a function of water residence time could be determined best 

for Lake George. Here, the inputs were well characterized through direct monitoring, and there 

was a relatively large increase in algal biomass in the lake from inflows to outflow. A similar 

analysis is planned for the freshwater LSJR; however, this reach is more complex, with greater 

external inputs to account for and a relatively small increase between the inflowing and 

outflowing algal biomass.  

A strong linear relationship (R
2
 = 0.78) was found in Lake George between mean water age and 

the increase in TN concentration by mass balance (Figure 16). We interpreted this relationship to 

indicate greater N2-fixation under low-flow (longer residence time) conditions. Acetylene 

reduction assays performed in three diel experiments in Lake George in 2004 by Paerl et al. 

Figure 15.  Examples of spring bloom chlorophyll-a and continuously-recorded dissolved 

oxygen plus river discharge (relative units) for the freshwater reach of the LSJR. Periods 

included build-up and decline in algal blooms. LSJR USGS station at Dancy Point (DO), 

SJRWMD station at Federal Point (chl-a), and USGS station at Buffalo Bluff (discharge). 

DO 
DO 

Chl 

Flow 

Chl 

Flow 
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(2005) found significant levels of N2-fixation associated with cyanobacterial blooms. The mean 

light (total – dark) acetylene reduction rates, converted to nitrogen (4:1 Molar C2H2 to N), would 

produce a daily increase of 4.4 µg N/L or a total May through August increase of 0.58 mg N/L. 

This estimate was comparable to the measured across-lake increase of 0.67 mg/L from April 

through July for that same year. 

 

 

 

 

 

 

 

 

 

 

 

 

 

F. Environmental Boundaries and Relationships to Hydrology 

We compiled a list of sixteen potential effects of water withdrawal on plankton, nutrients, and 

TMDLs (Table 3). These effects were interrelated, and many of these effects were related to 

enhanced growth of phytoplankton. One of our goals in this project was to assign an 

environmental criterion (i.e., what variable should be measured to assess the effect?) to each 

potential effect and to derive an environmental boundary (i.e., what level of that variable would 

result in significant adverse effects if exceeded?) for each criterion. 

Our initial, Phase 1 evaluations for a subset of these potential effects are shown below (Table 4). 

We will continue analyses of these effects as well as evaluate the remaining effects in Phase 2 of 

the project. As we complete these analyses, our findings regarding potential effects of water 

withdrawals, environmental criterion, and environmental boundaries will be summarized in 

Table 4. 

It is clear that several of these sixteen environmental criteria and boundaries will be subsumed, in 

practical terms, under the consideration of phytoplankton biomass production. Examples are 

those effects that directly or indirectly increase nutrient levels. Because our major concern 

regarding increased nutrients is the potential for increased frequency, magnitude, or duration of 

Figure 16. Relationship 

between increase in TN 

concentration and water age 

in L. George. Incoming 

concentration determined 

by flow weighting of 

upstream SJR inflow, 

spring inputs, watershed 

runoff and direct 

precipitation. Outflow 

concentration was seasonal 

mean at Station LG12. Data 

from 1996 – 2005. 
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phytoplankton blooms, we have coalesced nutrient effects under ‖increased phytoplankton 

biomass‖. Because the primary mechanism that links increases in hydraulic retention times to 

changes in the zooplankton community appears to be algal blooms, we have merged this 

zooplankton effect under ‖increased phytoplankton biomass‖ as well. For similar reasons, we 

expect that more of the sixteen tabulated effects will be combined with algal biomass effects as 

we continue analyses in Phase 2. 

Increased Phytoplankton Biomass. Algal Blooms 

Observations of a reduction in abundance of crustacean zooplankton during prolonged algal 

blooms led to a recommendation that chl-a in the freshwater reach of the LSJR not exceed 40 

µg/L for more than 40 days (Hendrickson et al. 2003). This ―40:40‖ phytoplankton biomass 

boundary based on effects on zooplankton was utilized in development of nutrient TMDLs for 

the LSJR. We propose this phytoplankton biomass boundary for evaluation of water withdrawals 

as well, although we intend to re-examine the relationship between zooplankton abundance and 

chl-a using additional data in Phase 2. 

A 40 µg/L chl-a limit was strongly supported by other analyses and is the standard for lakes in 

some states (NCDWQ 2007). The 40 µg/L chl-a concentration also corresponds with the Florida 

trophic state index value for eutrophic (poor) conditions in low water color lakes (Gao et al. 

2006). Further, this chl-a concentration was the level in nutrient enrichment assays at which 

appreciable levels of the cyanobacterial toxin microcystin could be detected (Paerl et al. 2001b). 

In the fresh tidal reaches of the LSJR, lower flow years exhibited more rapid development of 

algal blooms and higher algal biomass. The duration that chl-a exceeded the 40 µg/L limit also 

increased for lower discharge (greater water age) years (Figure 17). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Relationships 

between duration of chl-

a concentrations greater 

than 40 µg/L and 

growth season (Apr – 

Sep) water age for sites 

in the fresh tidal 

sections of the LSJR. 

1997 – 2006. 
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Lower Dissolved Oxygen at Long Retention Times 

The State of Florida dissolved oxygen (DO) standard for fresh waters applies to both the 

freshwater LSJR and Lake George. This standard requires that DO not drop below 5 mg O2/L. 

Dissolved oxygen frequently drops below the State standard in both the freshwater LSJR and 

Lake George (Figure 15). Episodes of low DO followed collapses of algal blooms (Figure 15), 

and algal bloom duration (Figure 17) and intensity (Figure 12) were related to retention time. 

Because growing-season low DO was closely linked to algal blooms, we concluded that potential 

effects of water withdrawals on low DO in the fresh tidal reaches of the LSJR would be 

addressed sufficiently by addressing algal blooms. 

Low DO events also occurred in the freshwater LSJR and Lake George associated with late 

summer and early fall increases in SJR discharge (Figure 15). Because these low DO events were 

associated with increasing rather than decreasing discharges, water withdrawals should not affect 

DO through this mechanism, and no evaluation of this effect is necessary. 

Nitrogen Loading Through N2 -Fixation 

Phytoplankton blooms in the fresh tidal SJR generally progressed to the point of dominance by 

N2-fixing cyanobacteria, and increases in TN concentrations were measured during blooms in 

Lake George (Figure 16). Since low discharges both favored blooms and increased the residence 

time during which cyanobacteria could fix N, a positive linear relationship existed between water 

age and the increase in TN concentration (Figure 16). A similar phenomenon may have existed 

in the freshwater LSJR, but mass balances for N are more difficult to derive in that reach, and 

this was not attempted in Phase 1. However, because this internal N loading was a direct 

consequence of cyanobacterial blooms, we concluded that potential effects of water withdrawals 

on N2-fixation in the LSJR would be addressed sufficiently by addressing algal blooms. An 

independent evaluation of effects on N2-fixation was not necessary. 

Summary of Environmental Criteria and Boundaries 

For potential effects of water withdrawals that we have evaluated to date, we have summarized 

environmental criteria and boundaries as well as linkages to hydrology in Table 4. 

.
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Table 4. Partial summary of potential effects, environmental criteria, and hydrologic correlates. Table entries will be completed and may be revised in Phase 2 of the work. See 

below
1
 for definitions of column headings. 

 

No. Category Potential Effect Significance Env Criterion Env 

Boundary 

Hydrologic Linkage Hydrol 

Criterion 

Hydrol 

Boundary 

1 Phytoplankton Change in phytoplankton 

community composition. 

Effects on food webs and 

energy flow 

High Prevalence of 

filamentous or 

colonial 

cyanobacteria. 

Prevalence of harmful 

dinoflagellates 

(oligohaline reach) 

 Longer retention time or 

change in salinity may 

increase prevalence. 

Empirical relationships, 

hydrodynamic modeling 

(SJRWMD, literature) 

  

2 Phytoplankton Increased phytoplankton 

biomass. Harmful algal 

blooms. Cyanobacterial 

toxins 

High Chl-a, cell counts and 

biovolume 

determinations 

Fresh tidal 

LSJR: Chl-a 

not > 40 

µg/L for >40 

days 

Longer retention times result 

in earlier, longer, and more 

intense blooms. SJRWMD 

empirical relationships, 

hydrodynamic modeling 

  

3 Phytoplankton Reduction due to 

entrainment 

Low Mortality rate  Entrainment would remove 

phytoplankton. Slight 

reduction likely not harmful 

in these systems 

  

4 Zooplankton Change in zooplankton 

community composition 

High Zooplankton 

community 

composition 

    

5 Zooplankton Decreased crustacean 

zooplankton abundance 

High Crustacean 

zooplankton 

abundance 

Decline in 

abundance 

with increase 

in chl-a 

   

Evaluated through effects on phytoplankton biomass 

Evaluated through effects on phytoplankton biomass 
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No. Category Potential Effect Significance Env Criterion Env 

Boundary 

Hydrologic Linkage Hydrol 

Criterion 

Hydrol 

Boundary 

6 Zooplankton Reduction due to 

entrainment 

 Mortality rate  Species-specific impact of 

mortality rate associated with 

water withdrawal 

  

7 Water Quality 

and TMDLs 

Increased nutrients due to 

reduced dilution of nutrient 

sources, greater 

regeneration, or increased 

N2-fixation 

Moderate Nutrient 

concentrations 

    

8 Water Quality 

and TMDLs 

Lower stage leading to 

increased resuspension, 

TSS, and nutrient 

concentrations 

   Resuspension models to 

relate wind-driven 

resuspension to lake level 

  

9 Water Quality 

and TMDLs 

Lower dissolved oxygen 

(DO) at longer residence 

times 

High DO concentration FW: 5 mg/L    

10 Water Quality 

and TMDLs 

Change in water color 

(increased or decreased). 

Photolysis of DOC at 

longer residence time. 

Export of DOC if wetlands 

drained  

 Water color, Secchi 

depth, Extinction 

coefficient 

 Residence time. Varying 

discharges OCK vs SJR. 

Export from wetlands. 

Empirical relationships. 

  

11 Water Quality 

and TMDLs 

Increased pH and/or NH4
+
 

results in toxic levels of 

un-ionized ammonia NH3 

for fish 

 pH, NH4
+ 

 levels FL Class III 

criterion for 

un-ionized 

ammonia 

0.02 mg/L. 

Empirical. Does problem 

exist under existing 

conditions? Could it be 

exacerbated by withdrawal? 

  

To be evaluated by a different work group 

N2-fixation evaluated through effects on 

phytoplankton biomass 

Watershed export of DOC to be evaluated by a different work group 

Evaluated through effects on phytoplankton biomass 
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No. Category Potential Effect Significance Env Criterion Env 

Boundary 

Hydrologic Linkage Hydrol 

Criterion 

Hydrol 

Boundary 

12 RO 

Concentrate 

Increased nutrients in RO 

Reject 

 Nutrient 

concentrations 

 Increase in receiving water 

through RO rejection 

  

13 RO 

Concentrate 

Increased cyanobacterial 

toxins in RO Reject 

 Concentrations of 

cyanobacterial toxins 

No US 

guidelines  

Increase in receiving water 

through RO rejection 

  

14 Other Influx of saline water into 

Doctors Lake 

      

15 Other Oxidation of flood plain 

soils. Nutrient release 

      

16 Other Pycnocline shifts upstream 

into areas with less tidal 

mixing. Stable density 

stratification could 

exacerbate low DO 

      

         

 

1. Column heading definitions: ―No.‖, sequence number. ―Category‖, topical grouping. ―Potential Effect‖, potential environmental consequence of a withdrawal of water. 

―Significance‖, consensus judgment of significance of an adverse effect based on its likelihood, persistence, and severity. ―Environmental Criterion‖, analyte or characteristic of 

the effect to be measured. ―Environmental Boundary‖, level of the environmental criterion that initiates significant adverse effects. ―Hydrologic Linkage‖, mechanism or empirical 

relationship that connects a hydrologic consequence of water withdrawal to the environmental effect. ―Hydrologic Criterion‖, hydrologic variable that quantifies the hydrologic 

linkage. ―Hydrologic Boundary‖, level of the hydrologic criterion that initiates significant adverse environmental effects. 

 

 

 

To be evaluated by a different work group 
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V. Conclusions 

 Hydrology strongly affected relationships between nutrients and phytoplankton biomass 

in the LSJR and the MSJR. 

 Nutrient concentrations either decreased at long residence time (freshwater reach of the 

LSJR and Lake George) or were unaffected by residence time (Lakes Harney and 

Monroe). 

 Phytoplankton chl-a and percent dominance by cyanobacteria both increased with long 

residence time (low flows) in the fresh tidal LSJR and in MSJR lakes. 

 Duration of algal blooms increased with residence time in the fresh tidal LSJR. The 

duration that the freshwater LSJR chl-a limit (40 µg/L) was exceeded was positively 

related to water residence time expressed as simulated water age. 

 During periods of short residence times (high flows), other limitations such as light or 

flushing rate prevented algal biomass from reaching levels commensurate with nutrient 

concentrations. 

 Dissolved color increased at short residence times in both the fresh tidal reaches of the 

LSJR and the MSJR lakes. These relationships likely resulted from flooding of riparian 

wetlands at high stages and from increased runoff from the watershed. High dissolved 

color likely contributed to light limitation of phytoplankton biomass at high flows. 

 Consequences of phytoplankton blooms in the LSJR included reduced abundance of 

crustacean zooplankton, periods of low dissolved oxygen after bloom collapses, algal 

toxins, and internal N loading from N2-fixation. 

 Because changes in zooplankton community structure, summertime low-DO events, and 

N2-fixation originated with phytoplankton blooms, these phenomena will be evaluated as 

effects of proposed water withdrawals on phytoplankton blooms. 

VI. Outline of Phase 2 

Work in Phase 2 will refine, expand, and complete the analyses begun in Phase 1, including the 

integration of new data into existing data sets. We will complete evaluation of the potential 

effects under consideration (Table 4). Some information in this report may be modified by our 

subsequent work. Specific water withdrawal scenarios will be evaluated in Phase 2. Both phases 

of the project will be covered in the final report at the conclusion of Phase 2.  
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VIII. Appendix 1. Data sets for the Lower St. Johns River Basin 

 

Lower St. Johns River Basin 

Data Type Agency General Locations Frequency and Period of 

Record 

Constituent Suite Archival Status 

Water Quality 

River Ambient 

SJRWMD 

FDEP 

Duval Co. 

18 general 

locations spaced 

approx. every 10 

km from Astor 

(RM 127) to the 

mouth; most mid-

channel, but some 

littoral 

Bimonthly from 1998 to 

present; bimonthly from 

1993 to 1998 at some 

locations, monthly at 

others; Prior to 1993, 

Jacksonville reach 

sampled by Duval Co.; 

Some District sampling 

available to 1984; 

infrequent sampling from 

1970 by FDEP and FWC 

Physicals, major ions, 

trace metals, nutrients, 

biological, field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible through 

Oracle Discoverer 

Water Quality 

Continuous 

USGS 

FDEP 

Astor, L. George, 

Buffalo Bluff, 

Federal Point, Racy 

Point, Shands Br., 

Buckman Br., 

Orange Park, 

Acosta Br.,  Dames 

Point, Mayport 

USGS network initiated in 

1996; FDEP network 

initiated XXX; 

Intermittent coverage for 

some stations.   

USGS: Spec. Cond., DO, 

WTemp, Turbidity; 

Chlorophyll  added to 

freshwater net 2008 

FDEP: Spec. Cond. 

USGS data 

accessible on web 

site, real time 
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Lower St. Johns River Basin 

Data Type Agency General Locations Frequency and Period of 

Record 

Constituent Suite Archival Status 

Water Quality 

River 

Intensive/Synopti

c Events 

SJRWMD 

FDEP 

River main stem 

from Palatka to 

Mouth 

FDEP: River-wide time 

synchronized 1-week 

surveys in May and 

August 1997; SJRWMD: 

Oligohaline summer 

weekly transects 1998-99; 

Fresh reach weekly 

moving transects 2000-01 

FDEP: Field parms, 

nutrients, chlorophyll; 

SJRWMD: Field parms, 

nutrients, major 

phytoplankton, chlorophyll 

SJRWMD 

Environmental 

Data Base 

accessible through 

Oracle Discoverer 

Water Quality 

Tributaries 

SJRWMD Roughly 20 to 25 

stations basin-wide 

Long-term ambient 

starting 1984 with 4 major 

tribs and 3 ag canals; 

urban in 1989; dairy 1995 

Physicals, major ions, 

trace metals, nutrients, 

biological, field parms 

SJRWMD 

Environmental 

Data Base 

accessible through 

Oracle Discoverer 

Water Quality 

Simulations River 

SJRWMD Buffalo Bluff to 

Inner shelf at SJR 

mouth 

Continuous (hourly) from 

1995 through 1999 

Nutrients, algal and 

allochthonous carbon, DO, 

salinity 

Pete Sucsy 

Water Quality 

Simulations 

Tributaries 

SJRWMD All LSJ 

contributing basins 

Seasonal loads from 1995 

through 1999 

Nutrients, organic carbon, 

TSS 

J. Hendrickson 

Water Quality 

Point Sources 

FDEP All major (>0.5 

MGD) in LSJR 

Monthly for most from 

1995 through 2005; Some 

bi-weekly for JEA 

facilities 

Nutrients, BOD, TSS, 

Trace metals 

SJRWMD Data 

Base; FDEP 

Monthly Operating 

Reports 
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Lower St. Johns River Basin 

Data Type Agency General Locations Frequency and Period of 

Record 

Constituent Suite Archival Status 

Discharge - River USGS Deland, Astor, 

Buffalo Bluff, 

Jacksonville (RM 

144, 127, 90, 24) 

Continuous; Deland from 

1933, Jacksonville 

intermittent from 1954, 

remainder from 1994 

Gauge height, discharge USGS 

Discharge - 

Tributaries 

USGS 14 locations  Black Creek from 1931; 

Others variable 

Gauge height, discharge USGS 

Discharge 

Simulations - 

River 

SJRWMD Available for WQ 

model grid cross-

sections from L. 

George to Atlantic 

shelf 

Hourly, 1995-99; 2000-05 

will soon be available 

Discharge, elevation, 

instantaneous currents and 

salinity 

P. Sucsy, SJRMED 

Engineering 

Division 

Discharge 

Simulations 

Tributaries 

SJRWMD 67 contributing 

basins of the Lower 

SJR Basin  

PLSM seasonal discharge, 

proportioned to daily; 

HSPF daily 

discharge J. Hendrickson, 

SJRWMD Env. 

Sci.; Dale Smith, 

SJRWMD 

Engineering 

Meteorological USGS, 

FDEP, 

USDOD, 

SJRWMD 

Rainfall at 

numerous locations 

throughout basin; 

PAR & Wind at L . 

George, Buffalo 

Bluff, Piney Pt. 

Continuous from 1994 to 

present 

Rain, temperature, solar 

radiation, PAR, wind 

direction and speed 

Various data bases 
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Lower St. Johns River Basin 

Data Type Agency General Locations Frequency and Period of 

Record 

Constituent Suite Archival Status 

Plankton - 

Phytoplankton 

SJRWMD 14 locations from 

L. George to mouth 

Monthly from 1994 to 

present 

Counts, biovolume and 

species I.D. if possible; 

bacterioplankton and 

picophytoplankton 

SJRWMD Access 

Data base for data 

from 1997; 

Hardcopy for 

1994-1997 

Plankton – 

Simulated River  

SJRWMD All locations from 

L. George to the 

mouth 

1995 through 2005 Algal biomass (as algal 

organic carbon) for 3 

major groups: presently 

cyanobacteria, fresh 

greens/diatoms, and 

marine 

greens/diatoms/dinoflagell

ates 

P. Sucsy, SJRMED 

Engineering 

Division 

Plankton - 

Zooplankton 

SJRWMD Same as 

phytoplankton 

Same as phytoplankton Enumeration and I.D. to 

species if possible 

Same as 

phytoplankton 

Phytoplankton 

Primary 

Production 

UF, UNC L. George, Racy 

Point, Picolata, 

Mandarin Pt. 

1995-96; 2001-04; 

Seasonal experiments 

PP, either mg C/L/µg Chl-

a or g C/m2/day 

SJRWMD Reports 

Phytoplankton: 

Cyanob. N-

Fixation 

UNC, UF L. George, LSJ 

Fresh, Crescent 

Lake 

Intermittently 200-04 Acetylene Reduction 

Assay, converted to N 

estimate 

SJRWMD 

Contractors’ 

Reports 
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Lower St. Johns River Basin 

Data Type Agency General Locations Frequency and Period of 

Record 

Constituent Suite Archival Status 

Sediments: 

Accrual rate and 

source I.D.  

FSU Eight locations in 

the Lower SJR 

from Palatka to 

Jacksonville  

Rate determined from 

deep cores extracted 

1995-96  

C, N and P, Loss on 

Ignition, Grain size, % 

water, 210Pb, 137Cs, 13C  

SJRWMD 

Contractors report 

Sediments: 

Boundary Flux 

FDEP, UF Various locations 

from Welaka to 

Jacksonville 

Seasonal surveys 

conducted 2001 - 2005  

SOD, PO4, NH4, NOx, 

SO4 flux; Sediment C, N, 

P composition 

SJRWMD 

Contractors 

Reports 
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IX. Appendix 2. Data sets for the Middle St. Johns River Basin 

 

Middle St. Johns River Basin 

Data Type Agency General Locations Frequency and 

Period of Record 

Constituent Suite Archival Status 

SJR Stage & 

Discharge (USGS 

02234000 ST. 

JOHNS RIVER 

ABOVE LAKE 

HARNEY NEAR 

GENEVA, FL) 

USGS Lat 28°42'50", long 81°02'08", in 

NE1/4 sec.32, T.20 S., R.33 E., 

Seminole County, Hydrologic 

Unit 03080101, near center of 

channel on downstream side of 

bridge on State Highway 46, 0,9 

mi downstream from 

Econlockhatchee River, 1 mi 

upstream from Lake Harney, 5.5 

mi southeast of Geneva, and 190 

mi upstream from mouth. 

Continuous stage 

1942 to present, 

discharge 1981 to 

present 

Water-stage 

recorder, acoustic 

velocity meter and 

data-collection 

platform. Datum of 

gage is at NGVD of 

1929 (U.S. Army 

Corps of Engineers 

benchmark). Prior to 

Sept. 3, 1943, 

nonrecording gage, 

and Sept. 3, 1943 to 

Oct. 8, 1959, water-

stage recorder at site 

50 ft downstream at 

same datum.  

USGS & 

SJRWMD 

Water Quality 

Lakes – Harney 

SJRWMD Two locations in lake Monthly from 

2003 to present 

Physicals, major 

ions, trace metals, 

nutrients, biological 

(phytoplankton &  

zooplankton), field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 
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Middle St. Johns River Basin 

Data Type Agency General Locations Frequency and 

Period of Record 

Constituent Suite Archival Status 

SJR Stage & 

Discharge  SJR 

just below 

Harney (USGS 

02234010 ST. 

JOHNS RIVER 

AT OSCEOLA, 

FL) 

USGS LOCATION.--Lat 28°47'37", long 

81°03'29", in NW1/4 sec.31, T.19 

S., R.33 E., Seminole County, 

Hydrologic Unit 03080101, near 

right bank 0.1 mi upstream from 

Deep Creek, 0.7 mi northeast of 

Osceola, and 183 mi upstream 

from mouth 

February 2005 to 

current year 

Water-stage 

recorder, acoustic 

velocity meter, and 

data-collection 

platform. Datum of 

gage is at NGVD of 

1929 (Seminole 

County benchmark). 

USGS & 

SJRWMD 

SJR WQ just 

below Harney 

(SJR-OLH) 

SJRWMD LOCATION.--Lat 28°47'37", long 

81°03'29", in NW1/4 sec.31, T.19 

S., R.33 E., Seminole County, 

Hydrologic Unit 03080101, near 

right bank 0.1 mi upstream from 

Deep Creek, 0.7 mi northeast of 

Osceola, and 183 mi upstream 

from mouth 

Monthly, Nov 

2002 to present 

Physicals, major 

ions, trace metals, 

nutrients, biological 

(phytoplankton &  

zooplankton), field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 

SJR WQ just 

above L Jesup 

(OW-SJR-1) 

SJRWMD SJR just above L Jesup 

(N28.78725 W81.1673) 

Monthly, March 

1996 to present 

Physicals, major 

ions, trace metals, 

nutrients, biological 

(phytoplankton &  

zooplankton), field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 
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Middle St. Johns River Basin 

Data Type Agency General Locations Frequency and 

Period of Record 

Constituent Suite Archival Status 

Lake Jesup 

Stage& 

Discharge to SJR  

(Primary = USGS 

02234435 LAKE 

JESUP OUTLET 

NEAR 

SANFORD, FL) 

SJRWMD 

& USGS 

Major site at confluence w/ SJR, 

minor sites at eastern end & south 

shore 

Continuous 1993 

to present 

Jesup stage & 

discharge between L 

Jesup & SJR 

USGS & 

SJRWMD  

Water Quality 

Lakes – Jesup  

SJRWMD Multiple locations throughout lake Monthly from Feb 

1995 to present 

Physicals, major 

ions, trace metals, 

nutrients, biological 

(phytoplankton &  

zooplankton), field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 

SJR WQ (OW-

SJR-2) 

SJRWMD SJR downstream of L Jesup & 

upstream of 415 bridge 

Monthly from 

March 1996 to 

Sept 2003 

Physicals, major 

ions, trace metals, 

nutrients, biological, 

field parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 
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Middle St. Johns River Basin 

Data Type Agency General Locations Frequency and 

Period of Record 

Constituent Suite Archival Status 

SJR Stage & 

Flow between 

Jesup & Monroe 

(USGS 02234440 

ST. JOHNS 

RIVER AT 

STATE HWY 

415 NEAR 

SANFORD, FL) 

USGS LOCATION.--Lat 28°48'08", long 

81°12'34", in SW1/4 sec.27, T.19 

S., R.31 E., Seminole County, 

Hydrologic Unit 03080101, near 

left bank, 200 ft upstream from 

State Highway 415, 1.1 mi north 

of State Highway 46, 3.8 mi east 

of Sanford, and 169 mi upstream 

from mouth. 

January 2005 to 

current year. 

Water-stage 

recorder, acoustic 

velocity meter, and 

data-collection 

platform. Datum of 

gage is at NGVD of 

1929 (levels by St. 

Johns River Water 

USGS & 

SJRWMD 

SJR WQ between 

Jesup & Monroe 

SJRWMD LOCATION.--Lat 28°48'08", long 

81°12'34", in SW1/4 sec.27, T.19 

S., R.31 E., Seminole County, 

Hydrologic Unit 03080101, near 

left bank, 200 ft upstream from 

State Highway 415, 1.1 mi north 

of State Highway 46, 3.8 mi east 

of Sanford, and 169 mi upstream 

from mouth. 

Monthly from Oct 

2002 to present 

Physicals, major 

ions, trace metals, 

nutrients, biological 

(phytoplankton &  

zooplankton), field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 

Water Quality 

Lakes – Monroe 

SJRWMD Two locations in lake Monthly from Oct 

2003 to present 

Physicals, major 

ions, trace metals, 

nutrients, biological 

(phytoplankton &  

zooplankton), field 

parameters 

SJRWMD 

Environmental 

Data Base 

accessible 

through Oracle 

Discoverer and 

MSJ database 
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Middle St. Johns River Basin 

Data Type Agency General Locations Frequency and 

Period of Record 

Constituent Suite Archival Status 

Lake Stage – 

Monroe (USGS 

02234500 ST. 

JOHNS RIVER 

NEAR 

SANFORD, FL) 

USGS Lat 28°50'16", long 81°19'28", in 

SW1/4 sec.16, T.19 S., R.30 E., 

Seminole County, Hydrologic 

Unit 03080101, near center of 

channel on bridge pile under U.S. 

Highway 17 and 92, at outlet of 

Lake Monroe, 4 mi northwest of 

Sanford, and 161 mi upstream 

from mouth. 

August 1941 to 

June 1956 

(discharge 

measurements 

only), October 

1964 to September 

1968 (gage heights 

and miscellaneous 

discharge 

measurements 

only), May 1987 

to September 

1989, March 1995 

to current year 

Water-stage 

recorder, acoustic 

velocity meter and 

data-collection 

platform.  

USGS & 

SJRWMD 

SJR Stage & 

Discharge (USGS 

02236000 ST. 

JOHNS RIVER 

NEAR 

DELAND, FL) 

USGS Lat 29°00'29", long 81°22'58", in 

land grant 38, T.17 S., R.29 E., 

Lake County, Hydrologic Unit 

03080101, near right bank 100 ft 

upstream from Francis P. 

Whitehair Bridge on State 

Highway 44 , 5 mi west of 

DeLand, and 142 mi upstream 

from mouth. 

October 1933 to 

current year. 

Monthly discharge 

only prior to 

February 1934, 

published in WSP 

1304. 

Water-stage 

recorder, acoustic 

velocity meter, 

water-quality 

monitor and data-

collection platform 

USGS & 

SJRWMD 
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I. Introduction 

The Plankton and TMDL Work Group was charged with the identification and quantification of 

possible environmental impacts of water withdrawals on plankton communities, established 

TMDLs, and restoration planning (for Lakes Monroe and Harney, TMDLs have not yet been 

established, but PLRGs are being determined) in the Lower and Middle St. Johns River.  As part 

of this assessment, we conducted a literature review of effects of water flows and residence times 

on plankton communities in aquatic systems.  The literature review included studies of rivers, 

reservoirs, lakes, and estuaries, because of the recognition that distinctions among aquatic system 

types are arbitrary for plankton communities, and they are better viewed as occupying positions 

along a continuum ordered by water residence time (Soballe and Kimmel 1987).  The literature 

review focused on effects of water flows on phytoplankton and zooplankton. There was also 

consideration of flow effects on water quality variables (nutrients, salinity, and oxygen), 

particularly with regard to their interactions with the plankton communities. 

Multiple methods were used to assemble a literature database.  Starting from a set of initially 

known key publications, we did literature searches both backward (examining references cited in 

those publications) and forward (using ISI Web of Science [Science Citation Index] to locate 

more recent papers that cited the key publications).  We also did retrievals from the SJRWMD 

Environmental Sciences Division literature database, ISI Web of Science, Cambridge Scientific 

Abstracts, U.S. EPA online library system, and Wilson Web, using search terms plankton and 

either residence, retention, or detention.  References obtained were entered into an EndNote 

literature database, which presently contains 238 references.  Complete copies of many of the 

most relevant publications were obtained for review; presently we have about 100 publications.  

 

II. Flow – Phytoplankton relationships 

A number of studies have reported negative relationships between water flow rates and 

phytoplankton biomass or cell numbers in lakes and reservoirs (Dickman 1969, O.E.C.D. 1982, 

Moss and Balls 1989, Perry et al. 1990, Barbiero et al. 1997, Kawara et al. 1998, Pádisak et al. 

1999, Moustaka-Gouni et al. 2006), and in freshwater-oligohaline rivers (Filardo et al. 1985, 

Paerl 1987, Soballe and Kimmel 1987, Wehr and Thorp 1997, Bertrand et al. 2001, Heiskary and 

Markus 2001, de Cabo et al. 2003, Phlips et al. 2007, Lionard et al. 2008, Strayer et al. 2008).    

Several of these studies reported water residence times or flushing rates, which are hydrological 

measures that can be compared across systems to evaluate whether there are general 

environmental boundaries that limit phytoplankton biomass.  However, there are wide ranges of 

water residence times (2 – 189 days) or flushing rates (0.0053 – 0.5 per day) reported to limit 

phytoplankton biomass (Table 1).  Since potential doubling times of phytoplankton are on the 

order of a few days (Barbiero et al. 1997, Paerl et al. 2006), these wide ranges indicate that 

factors other than hydrology play large roles in phytoplankton biomass accumulation (such as 
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nutrients, light, and grazing).  As such, there do not appear to be general hydrological boundaries 

that limit phytoplankton biomass; rather the limiting boundary appears to depend on the specific 

environmental setting. 

Calculations of water residence time generally assume complete mixing of the water body.  

However, a number of studies have emphasized the importance of heterogeneity of flows for 

persistence of plankton populations in riverine systems, such as fringing floodplain and slower-

moving edges of rivers (Moss and Balls 1989, Saunders and Lewis 1989, Walz and Welker 1998, 

Walks 2007).  As a result, calculated water residence times may substantially underestimate 

actual plankton residence times. 

Although phytoplankton biomass generally increases with water residence time, there are a 

limited number of studies that did not report such a relationship, also pointing to importance of 

other factors in determining biomass accumulation.  Two studies of the Danube River floodplain 

reported maximum phytoplankton biomass at intermediate water age (Table 2), attributing a 

decline at longer water ages to increased grazing.  Gosselain et al. (1998) suggest that the 

phytoplankton community in large rivers may at times be controlled by grazers when discharge 

is low and other factors allow high zooplankton biomass.   Two studies of Canadian rivers 

reported no significant relationship between water flows and phytoplankton biomass (Table 2).  

In these cases, phytoplankton biomass was correlated with phosphorus concentrations (Basu and 

Pick 1996, Chetelat et al. 2006).  Finally, in two lakes in the Pampa Plain, Argentina, there was 

an increase in phytoplankton biomass in a summer with lower water residence time, again 

attributed to increased phosphorus concentrations (Rennella and Quirós 2006) 

The relationship between flow rates and phytoplankton biomass is more complicated in estuaries.  

While the upper, oligohaline parts of estuaries generally show a negative relationship between 

discharge and phytoplankton biomass, the lower, more saline parts of estuaries and adjacent 

coastal areas tend to show a positive relationship (Cloern et al. 1983, Cloern et al. 1985, Jordan 

et al. 1991, Mallin et al. 1993, Sklar and Browder 1998, Mortazavi et al. 2000, Borsuk et al. 

2004, Valdes-Weaver et al. 2006).  Lower estuaries and coastal areas tend to have longer 

residence times under all conditions, and these studies have attributed positive relationships 

between flow and phytoplankton biomass to increased nutrient supplies, greater water column 

stratification, or reduced grazing under higher flow conditions.    

Hydrology is also reported to influence phytoplankton composition, with low flow rates or long 

water residence time favoring blooms of slow-growing taxa such as cyanobacteria and 

dinoflagellates, while higher flow rates tend to favor faster-growing taxa, such as diatoms (Moss 

and Balls 1989, Perry et al. 1990, Harris and Baxter 1996, Kawara et al. 1998, Pádisak et al. 

1999, Bertrand et al. 2001, Ferreira et al. 2005, Moustaka-Gouni et al. 2006, Paerl et al. 2006, 

Valdes-Weaver et al. 2006, Arhonditsis et al. 2007).  Cylindrospermopsis, one of the prominent 

cyanobacterial genera found in the St. Johns River, appears to be associated with particularly 
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long water residence times (Branco and Senna 1994, Harris and Baxter 1996, McGregor and 

Fabbro 2000). 

Low freshwater discharge rates and long residence times can contribute to water column 

stratification in freshwater and estuarine systems (Sherman et al. 1998, Straškraba 1999, Paerl 

2006).  Stratified conditions can also lead to dominance by cyanobacteria or dinoflagellates, 

which can regulate their vertical position in the water column by changing their buoyancy or 

active swimming (Sherman et al. 1998, Paerl et al. 2001). 

The St. Johns River is similar to a number of other large, coastal rivers that are prone to 

development of severe cyanobacterial blooms in their freshwater-oligohaline sections during low 

discharge periods (Krogmann et al. 1986, Paerl 1987, Jaworski 1990, Sherman et al. 1998, Ha et 

al. 1999, Jeong et al. 2007, Phlips et al. 2007).  In the Neuse River, North Carolina, the most 

severe cyanobacterial blooms result from nutrient loading provided by high flows during spring 

followed by dry, low discharge conditions during summer-fall (Paerl 1987).  In Australian 

Rivers, the development of cyanobacterial blooms has been linked to persistent thermal 

stratification occurring during low-discharge periods (Sherman et al. 1998, Maier et al. 2004).  In 

the River Darling, Australia, a critical velocity of 0.03-0.05 m/sec was necessary to suppress 

persistent stratification and development of Anabaena circinalis blooms (Mitrovic et al. 2003, 

Mitrovic et al. 2006).  The applicability of this environmental boundary to other riverine systems 

has not been examined.   

Several modeling studies have examined the linkage between hydrology and development of 

cyanobacterial blooms in lakes and rivers (Lung and Paerl 1988, Webster et al. 2000, Maier et al. 

2004, Verspagen et al. 2006, Jones and Elliott 2007).  Two modeling studies expressed the 

hydrology using measures that can be potentially compared across systems.  Verspagen et al. 

(2006) developed a model to predict the magnitude of flushing needed to prevent Microcystis 

blooms in an impounded reservoir.  Blooms were suppressed in simulations with year round 

flushing rate of 0.028/d, or flushing rates of 0.024/d in summer and 0.047/d in winter (these 

summer flushing rates are equivalent to residence times of 36-42 days), but not with summer 

flushing rates of 0.0065/d (residence time 154 days).  Since these were the only flushing rates 

simulated, it is not clear if the higher rates represent an environmental boundary necessary to 

prevent blooms, or whether lower flushing rates would also be sufficient.   Jones and Elliott 

(2007) modeled water residence time effects on phytoplankton in a small lake, with residence 

time varying from 8.5 to 338.5 days.  Modeled R-group algae (including Oscillatoria) increased 

10-fold over the residence time range, reaching a maximum biomass by about 85 days.  Modeled 

C-S group algae (including Anabaena and Aphanizomenon) reached maximum biomass at 

intermediate retention times (40-70 days).  The residence times predicted to affect cyanobacterial 

growth in these two modeling studies are within the ranges reported in empirical studies (Table 

1).  However, again, the wide ranges reported in empirical studies indicate that hydrological 

boundaries for cyanobacterial bloom development depend on the specific environmental setting.  
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The relevant boundaries for the lower/middle St. Johns River basin may be better defined from 

monitoring/modeling data for that system, than from boundaries determined from other systems.  

 

Table 1.  Reported relationships between phytoplankton and water residence time or 

flushing rate.  Studies reporting positive relationships with residence time. 

Study Area 

Residence 

time 

(days) 

Flushing 

rate (per 

day) Notes Reference 

Lakes 3 – 5 0.2 – 0.33 

Threshold flushing rates for 

phytoplankton control 

(O.E.C.D. 1982) 

(cited in 

Barbiero et al. 

1997) 

Bluestone 

Lake, West 

Virginia 3.9 – 9.7 0.1 – 0.26 

Water residence time correlated 

with total algal densities, highly 

correlated with percent 

Microcystis and Anabaena 

(Perry et al. 

1990) 

Eau Galle 

Reservoir, 

Wisconsin <12 >0.08 

Chlorophyll-a showed inverse 

relationship with flushing rate, 

with pronounced losses when 

flushing rates exceeded 0.08/d 

(Barbiero et al. 

1997) 

Asahi River 

Dam 

Reservoir, 

Japan 14 0.07 

Residence time of about 2 

weeks required for substantial 

increase of phytoplankton 

chlorophyll-a.  Cyanobacteria 

and dinoflagellates dominant 

during algal blooms. 

(Kawara et al. 

1998) 

Schelde 

estuary, 

Belgium 10 – 20 0.05 – 0.1 

Mean weighted summer 

chlorophyll a concentration in 

freshwater tidal reaches was 

negatively correlated to the 

flushing rate 

(Lionard et al. 

2008) 

Lake Pepin, 

Minnesota 7 – 47 0.02 – 0.14 

Mean summer chlorophyll a 

positively correlated with 

residence time 

(Heiskary and 

Walker 1995) 

Lowland 

River Bure 

and associated 

Broads, U.K. 2 – 61.5 0.016 – 0.5 

Chlorophyll-a increases linearly 

with time for development.  

Cyanobacteria become more 

abundant as time for 

development increases. 

(Moss and Balls 

1989) 
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Study Area 

Residence 

time 

(days) 

Flushing 

rate (per 

day) Notes Reference 

Müggelsee, 

Berlin, 

Germany 50 – 100 0.01 – 0.02 

Flushing pulses in the range of 

1–2% of the lake volume per 

day in a sufficient frequency 

(20–30 d) considered very 

effective in breaking 

cyanobacterial biomass 

increase. 

(Pádisak et al. 

1999) 

126 U.S. 

rivers <60 – 100 0.01 – 0.017 

Significant correlation between 

residence time and 

phytoplankton cell count.  

Direct effects of flushing on 

phytoplankton restricted to 

systems with residence times 

<60-100 d. 

(Soballe and 

Kimmel 1987) 

Lake Kastoria, 

Greece 189 0.0053 

Although the flushing rate was 

relatively low (0.53% of the 

lake volume per day), it was 

effective in eliminating 

cyanobacteria.  

(Moustaka-

Gouni et al. 

2006) 
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Table 2.  Reported relationships between phytoplankton and water residence time or 

flushing rate.  Studies reporting asymptotic, negative, or no relationships with residence 

time. 

Study Area 

Residence 

time 

(days) 

Flushing 

rate (per 

day) Notes Reference 

Danube River 

floodplain 2 – 6 0.17 – 0.5 

Maximum phytoplankton 

biomass at medium water ages 

(2-6 days).  At water ages 

greater than 19 days, a decrease 

of phytoplankton biomass was 

evident.  

(Hein et al. 

2003)  

Danube River 

floodplain 3 – 10 0.1 – 0.33 

Phytoplankton biomass peaks at 

water ages 3 - 10 days; 

decreases at higher water ages (Luef et al. 2007)  

31 Canadian  

rivers 3.3 – 19.4 0.05 – 0.3 

No significant relationship 

between chlorophyll-a and 

residence time 

(Basu and Pick 

1996) 

Canadian 

rivers 1 – 39 0.03 – 1 

Phytoplankton biomass not 

related to water residence time 

(Chetelat et al. 

2006) 

Pampa Plain 

lakes, 

Argentina 1.6 – 268 0.004 – 0.6 

Higher phytoplankton biomass 

in summer with lower water 

residence time 

(Rennella and 

Quirós 2006) 

 

 

III. Flow – Zooplankton relationships 

As with phytoplankton, zooplankton tend to show a negative relationship with water flow and a 

positive relationship with water residence time (Pace et al. 1992, Basu and Pick 1996, de Cabo et 

al. 2003, Lair 2006, Strayer et al. 2008).   Zooplankton biomasses increase from rivers to 

estuaries to lakes, paralleling changes in residence time (Pace et al. 1992).  There are few 

reported quantitative relationships between water residence time and zooplankton biomass.  Basu 

and Pick (1996) found a positive relationship between residence time (range 3.3 – 19.4 days) and 

zooplankton biomass in 31 Canadian rivers. 

The composition of zooplankton in rivers tends to be dominated by rotifers or small-bodied 

microcrustaceans (cladocerans and copepods), which is generally attributed to their shorter 

generation times allowing population growth despite advective losses (Pace et al. 1992, Basu and 

Pick 1996, Gosselain et al. 1998, Walz and Welker 1998, Lair 2006).  For example, in the 

Neuendorfer See, Germany, some rotifers reached maximal densities by a residence time of 10 

days, while cyclopoid copepods continued to increase in abundance through residence times of at 
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least 53 days (Walz and Welker 1998).  It has also been suspected that turbulence limits 

zooplankton and affects their composition in rivers.  Zooplankton egg ratios have been reported 

to decrease as current velocities increase (Saunders and Lewis 1989).  It has also been shown 

experimentally that rotifers are favored by high turbulence, while microcrustaceans do better 

under low turbulence conditions (Sluss et al. 2008). 

Three studies reported a shift in zooplankton composition with changes in water residence time.   

In the Danube River floodplain, microcrustacean biomass increased over a range of water ages 

from 0 – 39 days, while rotifer biomass increased up to a water age of about 10 days, but 

decreased at older water age (Baranyi et al. 2002).  The decrease in rotifers at greater water age 

was attributed primarily to competition from the microcrustaceans.  Unspecified biotic 

interactions were suggested to explain decreases of rotifers as crustaceans increased at longer 

residence times in the Neuendorfer See (Walz and Welker 1998).  In two lakes in the Pampa 

Plain, Argentina, rotifer biomass was not strongly affected by decreased water residence time, 

but microcrustacean biomass was strongly reduced, particularly that of larger-bodied Daphnia 

(Rennella and Quirós 2006). 

Although there is limited available information, zooplankton-flow relationships are likely to be 

different in lower estuaries and adjacent coastal areas.   Locations of zooplankton in an estuarine 

system shift upstream or downstream in response to freshwater inflows.  In the tidal Alafia 

River, Florida, abundances of freshwater-dependent zooplankton are reported to decrease during 

low freshwater flow periods, while the abundances of marine-dependent zooplankton show the 

opposite trend (Flannery et al. 2002).  Estuarine and marine zooplankton may be expected to 

decrease during prolonged periods of low freshwater inflows, paralleling reductions in 

phytoplankton biomass and productivity.  In San Francisco Bay, a prolonged drought resulted in 

a decline in diatom populations, a near collapse of the population of herbivorous mysids, 

apparently due to food limitation, and a strong decline in abundance of juvenile striped bass, 

which feed on the mysids (Cloern et al. 1983).  Thus, reductions in freshwater flows could lead 

to reductions in productivity at multiple trophic levels in lower estuaries and coastal areas. 

Other things being equal, low flows and long water residence times would be expected to lead to 

increased zooplankton biomass, particularly of larger-bodied cladocerans and copepods, in 

freshwater-oligohaline sections of the St. Johns River.  This, in turn, would be expected to lead 

to increased transfer of primary production to higher trophic levels, because larger-bodied 

zooplankton are considered to be more efficient grazers and because larger-bodied zooplankton 

are preferred food for planktivorous fish (Brooks and Dodson 1965, Carpenter and Kitchell 

1993, Scheffer 1998, Elser 1999, Jeppesen et al. 2003). 

However, one factor which could prevent low flows from leading to increased trophic transfer is 

detrimental effects of cyanobacterial blooms.  Cyanobacterial blooms are often associated with 

decreases in abundance of large cladocerans and increases in importance of smaller cladocerans, 

rotifers and copepods (Paerl et al. 2001, Leonard and Paerl 2005, Paerl and Fulton 2006).  
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Inhibitory effects of cyanobacteria on grazing zooplankton may be due to interference with 

feeding as a result of awkward size or shape of filaments or colonies, chemical factors (toxicity, 

poor taste, poor nutritional value), or high abundances (i.e., blooms), which displace more 

nutritious non-bloom-forming algae or limit the ability of herbivores to utilize coexisting algae.  

In the Lower St. Johns River, blooms of Cylindrospermopsis were associated with low numbers 

of microcrustaceans, dominance of the zooplankton by rotifers, and high grazing by 

microzooplankton, although that grazing was apparently primarily on edible algae, not on the 

Cylindrospermopsis (Leonard and Paerl 2005).   Thus, cyanobacterial blooms stimulated by low 

flows in the St. Johns River could potentially lead to reductions in zooplankton biomass, size 

structure, and transfer of primary production to higher trophic levels. 

 

IV. Flow – nutrient relationships 

Bioavailable nutrient concentrations show opposite trends to plankton populations, tending to 

decrease as residence times increase (Moss and Balls 1989, Van den Brink et al. 1994, Walz and 

Welker 1998).  These decreased nutrient levels likely reflect assimilation by increasing 

phytoplankton populations.  Increased denitrification at longer residence times also contributes to 

reduced nitrogen concentrations and reduced downstream export (Nixon et al. 1996, Dettmann 

2001).  These decreases in bioavailable nutrient concentrations may contribute to lower 

phytoplankton growth rates at long residence times.  For example, chlorophyll growth rates in 

the Neuendorfer See decreased substantially as residence time over a range of about 8 to 50 days 

(Walz and Welker 1998).  Low silicate inputs to Chesapeake Bay in low river flow years are 

thought to diminish spring diatom blooms (Conley and Malone 1992).  Also, as previously 

noted, a prolonged drought resulted in a decline in diatom populations in San Francisco Bay 

(Cloern et al. 1983). 

Nutrient ratios can change with variations in discharge and residence times, which can affect 

phytoplankton composition.  Nitrogen:phosphorus ratios tend to decrease when residence times 

are long (Van den Brink et al. 1994, Walz and Welker 1998).  A decrease in available nitrogen as 

residence times increase can lead to prominence by nitrogen-fixing cyanobacteria (Moss and 

Balls 1989, Phlips et al. 2007).   

Although pristine rivers deliver excess silicate to coastal areas, eutrophication increases inputs of 

nitrogen and phosphorus relative to silicate, leading to silicate limitation of coastal primary 

production (Justic et al. 1995).  Decreases in silicate inputs resulting from water diversion from 

coastal rivers could result in shifts in coastal phytoplankton composition from diatoms to 

potentially toxic flagellates or cyanobacteria (Ittekkot et al. 2000).  However, silicate 

concentrations or silicate to nutrient ratios do not show consistent responses to flows, sometimes 

increasing with residence time (Moss and Balls 1989, Van den Brink et al. 1994) or being 

weakly related to flushing rate (Lionard et al. 2008). 
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V. Flow – salinity - oxygen relationships 

Discharge rates will affect the positioning of the salinity isohalines in estuarine systems.  As a 

result, the locations of the freshwater and estuarine plankton communities will shift up- or down-

stream as freshwater discharges change (Flannery et al. 2002, Paerl et al. 2006, Valdes-Weaver 

et al. 2006).  Freshwater phytoplankton taxa rapidly disappear near the freshwater-estuarine 

interface (Filardo et al. 1985).  In Danish brackish lagoons, the cladoceran Daphnia was replaced 

above a low salinity threshold by rotifers and estuarine copepods, and there was a parallel 

increase in chlorophyll concentrations, which was attributed to reduced grazing.  It was 

suggested that improved water quality can be obtained by reducing the nutrient loading or 

enhancing the freshwater input to a level triggering a shift to Daphnia dominance (Jeppesen et al. 

2007). 

Low freshwater discharge rates can contribute to development of salinity stratification in 

estuarine systems (Paerl 2006) as well as thermal stratification in freshwater riverine systems 

(Sherman et al. 1998).  Conversely, high freshwater discharges can contribute to salinity 

stratification in lower estuaries and coastal areas (Cloern et al. 1985, Rabalais et al. 2002, Hagy 

et al. 2004).  Water column stratification can lead to algal blooms and hypoxia or anoxia of 

bottom waters in rivers and estuaries (Sherman et al. 1998, Rabalais et al. 2002, Hagy et al. 

2004, Paerl 2006).  Reductions in nutrient loading may be necessary to reduce water column 

anoxia induced by flow changes (Rabalais et al. 2002, Hagy et al. 2004, Paerl 2006).   

 

VI. Summary 

Available literature indicates that effects of low flows on plankton and water quality in the St. 

Johns River may vary in different parts of the system.  In freshwater-oligohaline parts of the 

system, potential effects of low flows include: 

 Increased phytoplankton biomass and algal blooms, primarily of cyanobacteria 

 Zooplankton responses will depend on the balance of conflicting effects.  Increased 

water residence time and algal biomass could result in increases in zooplankton 

abundance and compositional shifts from rotifers to larger microcrustaceans.  However, 

if deleterious effects of cyanobacterial blooms are sufficiently strong, the opposite 

effects could be seen – reductions in zooplankton abundance and rotifer dominance. 

 Higher trophic levels dependent on planktonic production may benefit or be adversely 

affected, depending on the zooplankton response 

 Upstream shifts of salinity isohalines and associated plankton communities 

 Increased potential for water column stratification and hypoxia/anoxia 
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In the lower estuary/coastal zone, potential effects of low flows include: 

 Decreased nutrient export (nitrogen, phosphorus, silicon, carbon) from the river 

 Reductions in primary production 

 Shifts of the phytoplankton community from diatom to flagellate dominance 

 Decreased productivity of higher trophic levels dependent on planktonic production or 

organic carbon exported from the river 

 

  



Draft 10/31/2008 
 

12 
 

VII. References 

 

Arhonditsis, G. B., C. A. Stow, H. W. Paerl, L. M. Valdes-Weaver, L. J. Steinberg, and K. H. 

Reckhow. 2007. Delineation of the role of nutrient dynamics and hydrologic forcing on 

phytoplankton patterns along a freshwater-marine continuum. Ecological Modeling 208: 

230-246. 

Baranyi, C., T. Hein, C. Holarek, S. Keckeis, and F. Schiemer. 2002. Zooplankton biomass and 

community structure in a Danube River floodplain system: effects of hydrology. 

Freshwater Biology 47: 473–482. 

Barbiero, R. P., W. F. James, and J. W. Barko. 1997. The effects of a change in withdrawal 

operations on phytoplankton and nutrient dynamics in Eau Galle Reservoir, Wisconsin 

(USA). Internationale Revue der Gesamten Hydrobiologie 82: 531-543. 

Basu, B. K. and F. R. Pick. 1996. Factors regulating phytoplankton and zooplankton biomass in 

temperate rivers. Limnology and Oceanography 41:1572-1577. 

Bertrand, C., V. Siauve, S. Fayolle, and A. Cazaubon. 2001. Effects of hydrological regime on 

the drift algae in a regulated Mediterranean river (River Verdon, southeastern France). 

Regulated Rivers: Research and Management 17:407-416. 

Borsuk, M. E., C. A. Stowe, and K. H. Reckhow. 2004. Confounding effect of flow on estuarine 

response to nitrogen loading. Journal of Environmental Engineering 130: 605-614. 

Branco, C. W. C. and P. A. C. Senna. 1994. Factors influencing the development of 

Cylindrospermopsis raciborskii and Microcystis aeruginosa in the Paranoa Reservoir, 

Brasilia, Brazil. Archiv fur Hydrobiologie, Algological Studies 75:85-96. 

Brooks, J. L. and S. I. Dodson. 1965. Predation, body size, and composition of plankton. Science 

150:28-35. 

Carpenter, S. R. and J. F. Kitchell. 1993. The Trophic Cascade in Lakes. Cambridge University 

Press, Cambridge. 

Chetelat, J., F. R. Pick, and P. B. Hamilton. 2006. Potamoplankton size structure and taxonomic 

composition: Influence of river size and nutrient concentrations. Limnology and 

Oceanography 51:681-689. 

Cloern, J. B., B. E. Cole, R. L. J. Wong, and A. E. Alpine. 1985. Temporal dynamics of estuarine 

phytoplankton: A case study in San Francisco Bay. Hydrobiologia 129: 153-176. 

Cloern, J. E., B. E. Alpine, R. L. Cole, J. Wong, J. F. Arthur, and M. D. Ball. 1983. River 

discharge controls phytoplankton dynamics in the northern San Francisco Bay estuary. 

Estuarine, Coastal and Shelf Science 16: 415-429. 

Conley, D. J. and T. C. Malone. 1992. Annual cycle of dissolved silicate in Chesapeake Bay: 

implications for the production and fate of phytoplankton biomass. Marine Ecology 

Progress Series 81:121-128. 

de Cabo, L., A. Puig, S. Arreghini, H. F. Olguín, R. Seoane, and I. Obertello. 2003. 

Physicochemical variables and plankton from the Lower Delta of the Paraná River 

(Argentina) in relation to flow. Hydrological Processes 17: 1279-1290. 

Dettmann, E. H. 2001. Effect of water residence time on annual export and denitrification of 

nitrogen inestuaries: a model analysis. Estuaries 24: 481-490. 

Dickman, M. 1969. Some effects of lake renewal on phytoplankton productivity and species 

composition. Limnology and Oceanography 14: 660-666. 

Elser, J. J. 1999. The pathway to noxious cyanobacteria blooms in lakes: the food web as the 

final turn. Freshwater Biology 42:537-543. 



Draft 10/31/2008 
 

13 
 

Ferreira, J. G., W. J. Wolff, T. C. Simas, and S. B. Bricker. 2005. Does biodiversity of estuarine 

phytoplankton depend on hydrology? Ecological Modeling 187: 513-523. 

Filardo, M.J., and W. M. Dunstan. 1985. Hydrodynamic control of phytoplankton in low salinity 

waters of the James River Estuary., Virginia, USA. Estuarine, Coastal and Shelf Science 

21: 653-667. 

Flannery, M. S., E. B. Peebles, and R. T. Montgomery. 2002. A percent-of-flow approach for 

managing reductions of freshwater inflows from unimpounded rivers to southwest 

Florida estuaries. Estuaries 25: 1291-1303. 

Gosselain, V., L. Viroux, and J.-P. Descy. 1998. Can a community of small-bodied grazers 

control phytoplankton in rivers? Freshwater Biology 39:9-24. 

Ha, K., E.-A. Cho, H.-W. Kim, and G.-J. Joo. 1999. Microcystis bloom formation in the lower 

Nakdong River, South Korea: importance of hydrodynamics and nutrient loading. Marine 

and Freshwater Research 50:89-94. 

Hagy, J. D., W. R. Boynton, C. W. Keefe, and K. W. Wood. 2004. Hypoxia in Chesapeake Bay, 

1950-2001: Long-term change in relation to nutrient loading and river flow. Estuaries 27: 

634-658. 

Harris, G. P. and G. Baxter. 1996. Interannual variability in phytoplankton biomass and species 

composition in a subtropical reservoir. Freshwater Biology 35:545-560. 

Hein, T., C. Baranyi, G. J. Herndl, W. Wanek, and F. Schiemer. 2003. Allochthonous and 

autochthonous particulate organic matter in floodplains of the River Danube: the 

importance of hydrological connectivity. Freshwater Biology 48: 220–232. 

Heiskary, S. and H. Markus. 2001. Establishing relationships among nutrient concentrations, 

phytoplankton abundance, and biochemical oxygen demand in Minnesota, USA rivers. 

Journal of Lake and Reservoir Management 17:251-262. 

Heiskary, S. A. and W. W. Walker, Jr. 1995. Establishing a Chlorophyll a Goal for a Run-of-the-

river Reservoir. Lake and Reservoir Management 11:67-76. 

Ittekkot, V., C. Humborg, and P. Schäfer. 2000. Hydrological alterations and marine 

biogeochemistry: A silicate issue? BioScience. 50:776–782. 

Jaworski, N. A. 1990. Retrospective study of the water quality issues of the upper Potomac 

estuary. Reviews in Aquatic Science 3:11-40. 

Jeong, K. S., D. K. Kim, and G. J. Joo. 2007. Delayed influence of dam storage and discharge on 

the determination of seasonal proliferations of Microcystis aeruginosa and 

Stephanodiscus hantzschii in a regulated river system of the lower Nakdong River (South 

Korea). Water Research 41:1269-1279. 

Jeppesen, E., J. P. Jensen, C. Jensen, B. Faafeng, D. O. Hessen, M. Søndergaard, T. Lauridsen, P. 

Brettum, and K. Christoffersen. 2003. The impact of nutrient state and lake depth on top-

down control in the pelagic zone of lakes: A study of 466 lakes from the temperate zone 

to the arctic. Ecosystems 6:313-325. 

Jeppesen, E., M. Søndergaard, A. R. Pedersen, K. Jürgens, A. Strzelczak, T. L. Lauridsen, and L. 

S. Johansson. 2007. Salinity induced regime shift in shallow brackish lagoons. 

Ecosystems 10:47-57. 

Jones, I. D. and J. A. Elliott. 2007. Modelling the effects of changing retention time on 

abundance and composition of phytoplankton species in a small lake. Freshwater Biology 

52:988-997. 



Draft 10/31/2008 
 

14 
 

Jordan, T. E., D. L. Correll, J. Miklas, and D. E. Weller. 1991. Long-term trends in estuarine 

nutrients and chlorophyll, and short-term effects of variation in watershed discharges. 

Marine Ecology Progress Series 75:121-132. 

Justic, D., N. N. Rabelais, R. E. Turner, and Q. Dortch. 1995. Changes in nutrient structure of 

river-dominated coastal waters: Stoichiometric nutrient balance and its consequences. 

Estuarine, Coastal and Shelf Science 40:339–356. 

Kawara, O., E. Yura, S. Fujii, and T. Matsumoto. 1998. A study on the role of hydraulic 

retention time in eutrophication of the Asahi River Dam reservoir. Water Science and 

Technology 37: 245-252. 

Krogmann, D. W., R. Butalla, and J. Sprinkle. 1986. Blooms of cyanobacteria on the Potomac 

River. Plant Physiology 80:667-671. 

Lair, N. 2006. A review of regulation mechanisms of metazoan plankton in riverine ecosystems: 

aquatic habitat versus biota. River Research and Applications 22:567-593. 

Leonard, J. A. and H. W. Paerl. 2005. Zooplankton community structure, micro-zooplankton 

grazing impact, and seston energy content in the St. Johns river system, Florida as 

influenced by the toxic cyanobacterium Cylindrospermopsis raciborskii. Hydrobiologia 

537:89-97. 

Lionard, M., K. Muylaert, A. Hanoutti, T. Maris, M. Tackx, and W. Vyverman. 2008. Inter-

annual variability in phytoplankton summer blooms in freshwater tidal reaches of the 

Schelde estuary (Belgium). Estuarine, Coastal and Shelf Science 79:694–700. 

Luef, B., F. Aspetsberger, T. Hein, F. Huber, and P. Peduzzi. 2007. Impact of hydrology on free-

living and particle-associated microorganisms in a river floodplain system (Danube, 

Austria). Freshwater Biology 52: 998–1008. 

Lung, W. S. and H. W. Paerl. 1988. Modeling blue green algal blooms in the lower Neuse River. 

Water Research 22:895-905. 

Maier, H. R., G. B. Kingston, T. Clark, A. Frazer, and A. Sanderson. 2004. Risk-based approach 

for assessing the effectiveness of flow managment in controlling cyanobacterial blooms 

in rivers. River Research and Applications 20:459-471. 

Mallin, M. A., H. A. Paerl, J. Rudek, and P. W. Bates. 1993. Regulation of estuarine primary 

production by watershed rainfall and river flow. Marine Ecology Progress Series 93: 199-

203. 

McGregor, G. B. and L. D. Fabbro. 2000. Dominance of Cylindrospermopsis raciborskii 

(Nostocales, Cyanoprokaryota) in Queensland tropical and subtropical reservoris: 

Implications for monitoring and management. Lakes & Reservoirs:  Research and 

Management 5:195-205. 

Mitrovic, S. M., B. C. Chessman, L. C. Bowling, and R. H. Cooke. 2006. Modelling suppression 

of cyanobacterial blooms by flow management in a lowland river. River Research and 

Applications 22:109-114. 

Mitrovic, S. M., R. L. Oliver, C. Rees, L. C. Bowling, and R. T. Buckney. 2003. Critical flow 

velocities for the growth and dominance of Anabaena circinalis in some turbid 

freshwater rivers. Freshwater Biology 48:164-174. 

Mortazavi, B., R. L. Iverson, W. H. Landing, F. G. Lewis, and W. Hwang. 2000. Control of 

phytoplankton production in a river-dominated estuary: Apalachicola Bay, Florida, USA. 

Marine Ecology Progress Series 198: 19-31. 



Draft 10/31/2008 
 

15 
 

Moss, B. and H. Balls. 1989. Phytoplankton distribution in a floodplain lake and river system. II 

Seasonal changes in the phytoplankton communities and their control by hydrology and 

nutrient availability. Journal of Plankton Research 11:839-867. 

Moustaka-Gouni, M., E. Vardaka, E. Michaloudi, K. A. Kormas, E. Tryfon, H. Mihalatou, S. 

Gkelis, and T. Lanaras. 2006. Plankton food web structure in a eutrophic polymictic lake 

with a history in toxic cyanobacterial blooms. Limnology and Oceanography 51: 715-

727. 

Nixon, S. W., J. W. Ammerman, L. W. Atkinson, V. M. Berounsky, G. Billen, W. C. Boicourt, 

W. R. Boynton, T. M. Church, D. M. DiToro, R. Elmgren, J. H. Garber, A. E. Giblin, R. 

A. Jahnke, N. J. P. Owens, M. E. Q. Pilson, and S. P. Seitzinger. 1996. The fate of 

nitrogen and phosphorus at the land-sea margin of the North Atlantic Ocean. 

Biogeochemistry 35:141-180. 

O.E.C.D. 1982. Eutrophication of Waters: Monitoring, Assessment and Control. Organization 

for Economic Cooperation and Development, Paris. 

Pace, M. L., S. E. G. Findlay, and D. Lints. 1992. Zooplankton in advective environments: The 

Hudson River community and a comparative analysis. Canadian Journal of Fisheries and 

Aquatic Sciences 49:1060-1069. 

Pádisak, J., J. Köhler, and S. Hoeg. 1999. The effect of changing flushing rates on development 

of late summer Aphanizomenon and Microcystis populations in a shallow lake, 

Müggelsee, Berlin, Germany. Pages 411-423 in G. Tundisi and M. Sraškraba, editors. 

Theoretical reservoir ecology and its applications. Backhuys Publishers, Leiden. 

Paerl, H. W. 1987. Dynamics of blue-green algal (Microcystis aeruginosa) blooms in the lower 

Neuse River, North Carolina: Causative factors and potential controls. The University of 

North Carolina. 

Paerl, H. W. 2006. Assessing and managing nutrient-enhanced eutrophication in estuarine and 

coastal waters: Interactive effects of human and climatic perturbations. Ecological 

Engineering 26: 40-54. 

Paerl, H. W. and R. S. Fulton, III. 2006. Ecology of harmful Cyanobacteria. Pages 95-109 in E. 

Granéli and J. T. Turner, editors. Ecology of Harmful Algae. Springer-Verlag, Berlin. 

Paerl, H. W., R. S. Fulton, III, P. H. Moisander, and J. Dyble. 2001. Harmful freshwater algal 

blooms, with an emphasis on cyanobacteria. TheScientificWorld 1:76-113. 

Paerl, H. W., L. M. Valdes, B. L. Peierls, J. E. Adolf, and J. Lawrence W. Harding. 2006. 

Anthropogenic and climatic influences on the eutrophication of large estuarine 

ecosystems. Limnology and Oceanography 51: 448-462. 

Perry, S. A., W. B. Perry, and G. M. Simmons, Jr. 1990. Bacterioplankton and phytoplankton 

populations in a rapidly-flushed eutrophic reservoir. Internationale Revue der Gesamten 

Hydrobiologie 75:27-44. 

Phlips, E. J., J. Hendrickson, E. L. Quinlan, and M. Cichra. 2007. Meteorological influences on 

algal bloom potential in a nutrient-rich blackwater river. Freshwater Biology 52:2141-

2155. 

Rabalais, N. N., R. E. Turner, and D. Scavia. 2002. Beyond science into policy: Gulf of Mexico 

hypoxia and the Mississippi River. BioScience 52:129-142. 

Rennella, A. M. and R. Quirós. 2006. The Effects of Hydrology on Plankton Biomass in Shallow 

Lakes of the Pampa Plain. Hydrobiologia 556:181-191. 

Saunders, J. F. I. and W. M. J. Lewis. 1989. Zooplankton abundance in the lower Orinoco River, 

Venezuela. Limnology and Oceanography 34:397-409. 



Draft 10/31/2008 
 

16 
 

Scheffer, M. 1998. Ecology of Shallow Lakes. Chapman and Hall, London. 

Sherman, B. S., I. T. Webster, G. J. Jones, and R. L. Oliver. 1998. Transitions between 

Aulacoseira and Anabaena dominance in a turbid river weir pool. Limnology and 

Oceanography 43:1902-1915. 

Sklar, F. H. and J. A. Browder. 1998. Coastal environmental impacts brought about by 

alterations to freshwater flow in the Gulf of Mexico. Environmental Management 22: 

547-562. 

Sluss, T. D., G. A. Cobbs, and J. H. Thorp. 2008. Impact of turbulence on riverine zooplankton: 

a mesocosm experiment. Freshwater Biology 53:1999–2010. 

Soballe, D. M. and B. L. Kimmel. 1987. A large-scale comparison of factors influencing 

phytoplankton abundance in rivers, lakes, and impoundments. Ecology 68:1943-1954. 

Straškraba, M. 1999. Retention time as a key variable of reservoir limnology. Pages 385-410 in 

G. Tundisi and M. Straškraba, editors. Theoretical reservoir ecology and its applications. 

Backhuys Publishers, Leiden. 

Strayer, D. L., M. L. Pace, N. F. Caraco, J. J. Cole, and F. S. E. G. 2008. Hydrology and grazing 

jointly control a large-river food web. Ecology 89:12-18. 

Valdes-Weaver, L. M., M. F. Piehler, J. L. Pickney, K. E. Howe, K. Rossignol, and H. W. Paerl. 

2006. Long-term temporal and spatial trends in phytoplankton biomass and class-level 

taxonomic composition in the hydrologically-variable Neuse-Pamlico estuarine 

continuum, North Carolina, USA. Limnology and Oceanography 51: 1410-1420. 

Van den Brink, F. W. B., M. M. V. Katwijk, and G. V. d. Velde. 1994. Impact of hydrology on 

phyto- and zooplankton community composition in floodplain lakes along the Lower 

Rhine and Meuse. Journal of Plankton Research 16:351-373. 

Verspagen, J. M. H., J. Passarge, K. D. Jõhnk, P. M. Visser, L. Peperzak, P. Boers, H. J. 

Laanbroek, and J. Huisman. 2006. Water management strategies against toxic 

Microcystis blooms in the Dutch delta. Ecological Applications 16:313-327. 

Walks, D. J. 2007. Persistence of  plankton in flowing water. Canadian Journal of Fisheries and 

Aquatic Sciences 64:1693-1702. 

Walz, N. and M. Welker. 1998. Plankton development in a rapidly flushed lake in the River 

Spree System (Neuendorfer See, Northeast Germany). Journal of Plankton Research 

20:2071-2087. 

Webster, I. T., B. S. Sherman, M. Bormans, and G. J. Jones. 2000. Management strategies for 

cyanobacterial blooms in an impounded lowland river. Regulated Rivers: Research and 

Management 16:513-525. 

Wehr, J. D. and J. H. Thorp. 1997. Effects of navigation dams, tributaries, and littoral zones on 

phytoplankton communities in the Ohio River. Canadian Journal of Fisheries and Aquatic 

Sciences 54:378-395. 

 

 
 



 

1 
 

 
 
 
 
 
 

Effects of Hydrologic Alterations from Water Withdrawals on Benthic 
Macroinvertebrates of the St. Johns River and Estuary 

 
 

Phase 1 Report 
Literature Review and Preliminary Analysis of Existing Data 

 
 

 
 
 
Benthic Invertebrate Work Group: 
 
St. Johns River Water Management District 
 

Robert A. Mattson, CEP, CSE, Environmental Scientist V 
 
Contracted Experts 
 

Kenneth W. Cummins, Ph.D, California Cooperative Fishery Research 
Unit/Humboldt State University 

 
Richard W. Merritt, Ph.D, Michigan State University 

 
Paul A. Montagna, Ph.D, Harte Research Insitute, Texas A&M University-
Corpus Christi  



 

2 
 

Introduction 

Benthic macroinvertebrates are an important group of animals associated with bottom 
habitats in freshwater, estuarine, and marine aquatic ecosystems.  They are generally 
defined as those invertebrate organisms retained by a mesh size of 200-500 microns 
(Rosenberg and Resh 1993; Stickney 1984).  From a management perspective, benthic 
macroinvertebrates have been used for decades as key biological indicators of water 
quality and, more recently, as indicators of ―biological integrity‖ (Gaufin 1973; Davis and 
Simon 1995; Rosenberg and Resh 1993) More recent methodologies have also 
employed benthic macroinvertebrates to assess habitat conditions and the effects of 
hydrologic alteration, as well as water quality (Boon et al. 1992; Gore et al. 2001) ,and 
as surrogates for ecosystem attributes (Merritt et al. 1999, Cummins and Merritt 2001, 
Merritt et al. 2002). 
 
Ecologically, benthic macroinvertebrates are primary transformers of plant material (live 
or detrital) into animal biomass for use by higher trophic levels in aquatic food webs.  
Across a variety of aquatic ecosystems, from freshwater to marine, they are principal 
consumers of plant production; filtering phytoplankton and detrital plant particles from 
the water column, grazing on periphytic microalgae, in some cases consuming 
macroalgae or vascular macrophytes in bulk, or digesting plant material accumulated in 
or on bottom sediments.  In Florida stream and wetland environments, analysis of 
freshwater macroinvertebrate ―functional feeding groups‖ can be used to indicate 
important ecological attributes and the effects of habitat alterations (Cummins et al. 
1999, Merritt et al. 1996).  Benthic macroinvertebrates are also a major component of 
the overall faunal biodiversity in aquatic ecosystems; total taxa richness of invertebrates 
may exceed that of all vertebrate groups combined by 2-3X. 
 
In consideration of the above, benthic macroinvertebrates were chosen as one of the 
elements of focus for the SJRWMD assessment of potential ecological impacts of 
surface water withdrawals on the St. Johns River/estuary ecosystem.  A review of 
freshwater macroinvertebrate responses to changes in flow regime in streams was 
recently published (Dewson et al. 2007), and in estuaries benthic community responses 
to salinity have been quantified for use in developing freshwater inflow criteria (Janicki 
Environmental Inc. 2004; Montagna 2006). 
 
Benthic Macroinvertebrate Studies on the St. Johns River 
 
To date, there does not appear to have been any comprehensive survey of the benthic 
invertebrates of the St. Johns River throughout the entire drainage, nor does there exist 
an inventory (species list) of the benthic invertebrates of the entire drainage.  The most 
consistent and ongoing effort to survey macroinvertebrates of the river and estuary has 
been conducted by the Florida Department of Environmental Protection (FDEP) as part 
of its water quality monitoring programs.  Some of these data are available in selected 
FDEP reports, but in general they are not widely available. 
 
Benthic invertebrate communities in the lower St. Johns River and estuary were 
sampled quarterly at eight locations by Mason (1998) in 1993-94 and by Cichra and 
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Adicks (1998) in 1994-95 using multiple gear types (petite ponar dredge, Hester-Dendy 
multiplate samplers, and benthic sled).  Cichra and Adicks also included Mason‘s data 
in their report.  The purpose of these studies was to generally characterize spatial and 
temporal patterns in benthos in the lower river and estuary as related to water quality 
conditions.  The SJRWMD sampled benthic communities one time with petite ponar 
dredge at 20 sites in the lower St. Johns River and estuary in 2000 and 2003 (Evans 
and Higman 2001; Evans et al. 2004a).  These two studies were conducted to evaluate 
impacts of pollution (particularly toxic compounds) on benthic communities.  Tagatz 
(1967; 1968) described the species of portunid crabs in the genus Callinectes and the 
biology of the blue crab Callinectes sapidus in the St. Johns River and estuary.  Joyce 
(1965) presented some data and life history observations on the penaid shrimps of the 
lower St. Johns River and estuary.  Jacksonville University (White 1988) has conducted 
some monitoring of benthic macroinvertebrate communities in the St. Johns River 
estuary.  SJRWMD has sampled the benthic macroinvertebrate communities associated 
with beds of submerged aquatic vegetation (SAV) in the lower St. Johns River and 
upper estuary.  Some of these SAV-associated macroinvertebrate data were used in 
analyses in this study 
 
The SJRWMD sampled benthic invertebrate communities once in 1999 at ~134 study 
sites located throughout the river system, but mostly concentrating on the freshwater 
reaches of the river (from Palatka southward and including the Ocklwaha River sub-
basin).  These data were published in Water and Air Research (2000).  Ali (1995; 1990; 
1989) described characteristics of chironomid midge communities in Lake Monroe in the 
middle St. Johns River Basin, mainly focusing on nuisance midge taxa (principally 
Glyptotendipes paripes and Chironomus crassicaudatus).  Thompson (1968) described 
a number of hydrobiid snails from springs and stream habitats of the middle St. Johns 
River with notes on habitat preferences. 
 
Studies in benthic invertebrate communities in the upper St. Johns Basin were 
conducted by Warren and Hohlt (2000) in Blue Cypress Lake.  Benthic invertebrates in 
marshes of the Blue Cypress Marsh Conservation Area were sampled by Evans et al. 
(2004b), Minno (1996) and Work and Gibbs (2001) and in a series of studies for the 
SJRWMD (Jordan, unpublished report; Babbitt, unpublished data).  Turner (1994) and 
Darby et al. (1997) studied the biology of the Florida apple snail (Pomacea paludosa) in 
marshes of the upper St. Johns River basin. 
 
Additional studies have been conducted in a few tributaries of the river and estuary.  
Warren et al. (2000), Lobinske (1995 - chironomid midges), and Gottfried and Osborne 
(1992 - the Asian clam, Corbicula fluminea) sampled benthic invertebrates in the 
Wekiva River system.  Studies of macroinvertebrate community characteristics have 
also been conducted in tributaries of the lower St. Johns River (Chadwick et al. 2006).  
Franz (2002; crayfish and other crustacea), Shelton (2005; snails), Phelps et al. (2004; 
benthic macroinvertebrates) and Walsh and Williams (2003; unionid mussels) sampled 
benthic macroinvertebrates or selected invertebrate groups in springs of the St. Johns 
River system. 
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Freshwater Benthic Communities 
 
Overview 
 
The freshwater benthic fauna of the St. Johns River system not only fulfill a number of 
important ecological roles, they are also of considerable conservation interest.  Burgess 
and Franz (1978) noted that elements of the benthos are affiliated with the more diverse 
benthic fauna of streams to the west, in the Florida panhandle (including the 
Suwannee/Santa Fe drainage).  In particular, snails of the families Hydrobiidae and 
Pleuroceridae exhibit a high degree of endemicity in the St. Johns River drainage 
(Thompson 1968; Burgess and Franz 1978).  Some taxa of benthic macroinvertebrates 
are critically important for other unique fauna of the St. Johns River, chief among these 
being the native species of apple snail (Pomacea paludosa), the principle food item in 
the diet of the Everglades snail kite, which has expanded its range to include restored 
headwater marshes in the upper St. Johns River Basin (Turner 1994; Miller et al. 1996). 
 
The effects of water withdrawal on the freshwater macroinvertebrates of the St Johns 
River are predictable, at least in general terms, because of the linkages to their food 
sources from primary producers (e.g. algae and riparian plant litter) and their utilization 
as prey by higher trophic levels, especially fish (Figure 3-1). There is little information on 
the effects of flow (including magnitude, frequency, duration and related components) 
on macroinvertebrates of the St Johns River, nor are there many published papers on 
other systems that could be considered relevant to the issue of water withdrawals from 
the St Johns River (Appendix 3.2). As a consequence, predictions of the effects on 
macroinvertebrates to be expected following withdrawal of surface water from the St 
Johns River must come largely from the development of conceptual models built from 
ecological/physiological information on freshwater invertebrates gleaned from studies in 
other stream and river systems (e.g. Merritt et al. 2008, Pennak 1989 and references 
cited in these volumes). The published works on the Kissimmee and Caloosahatchee 
Rivers in south Florida, although not directly focused on flow effects, probably represent 
the macroinvertebrate literature most relevant to the St Johns River (Merritt et al. 1996, 
1999, 2002). Dewson et al. (2007) summarized and reviewed the literature of the effects 
of decreases in flow on macroinvertebrate populations and communities in streams 
(Figure 3-2).  Similar interactions may occur with changes in stage of lakes and 
wetlands. 
 
General Conceptual Models 

Changes in macroinvertebrate taxonomic composition can be predicted as a response 
to river flow reductions because of different vulnerabilities of various taxa. In this 
discussion, ―flow reductions‖ mean those changes in the hydrologic regime associated 
with water withdrawals, and not natural seasonal low flow events or droughts.  For 
example, semivoltine taxa (with life cycles longer than one year) and  
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WATER LEVELS
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DISTRIBUTION AND COVER OF 

AQUATIC PLANTS, LWD, BEACH

(Habitats) 

DENSITY AND COMMUNITY COMPOSITION

OF INVERTEBRATES

(Indicators)

ABUNDANCE AND DISTRIBUTION OF 

INVERTIVOROUS FISHES

(Food Web Consequences)

 
Figure 3-1.  Overview of the main drivers influencing freshwater macroinvertebrate 
populations and communities in the St. Johns River.  LWD = large woody debris. 
 
 
 
 
those with poor migratory capabilities would be most affected by reduced water levels 
(Figure 3-3). That is, they would not readily move with the water as levels recede or 
would not be able to rapidly recolonize de-watered areas once they are wetted again. 
Examples of taxa would be found in the Odonata, Megaloptera, Lepidoptera, and 
Coleoptera. By contrast, Uni- and polyvoltine taxa (annual or shorter life cycles) would 
be expected to adjust to changing water levels much more readily because of their rapid 
reproduction. Many of these taxa also are quite mobile, such as most chironomid 
midges, baetid mayflies and many hemipterans.  However, any taxa with non-mobile 
pupal stages and/or very slow movements potentially would be seasonally vulnerable to 
stranding, especially by withdrawal-related reductions in river level during seasonal low 
flow periods. Because Nuphar and Vallisneria plant beds occur across the channel from 
shallow to deep water in most places along the river, the relative effect of stranding on 
these habitats would be far less than on emergent vegetation and large woody debris 
(LWD) that occur along the river shoreline. Those macroinvertebrates that have obligate 
associations with emergent vegetation and LWD would be more vulnerable to de-
watering, than those restricted to Nuphar or Vallisneria (Figure 3-3). 
In addition to desiccation from stranding, macroinvertebrates would be selectively 
impacted by loss of specific habitats, for example reduction of the aerial coverage by 
Nuphar beds, or increases in anaerobic habitats with little or no flow, resulting from 
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Figure 3-2.  Conceptual relationships between flow in streams and effects on physical-
chemical conditions and macroinvertebrate communities.  Source:  Dewson et al. 2007.  
Note:  we (authors of this chapter) feel the ―Lower habitat diversity‖ box (center right on 
figure) should also include loss of specific habitat areas; that is, the total area (volume) 
of the key habitats might be reduced by flow reductions, without reducing habitat 
diversity. 
 

MAJOR CONSEQUENCES FOR 

INVERTEBRATES

OF WATER WITHDRAWAL

Loss of Area of Coverage of Key Habitats

Stranding (Especially of Pupal Stages)

Creation of Zero Flow, Anaerobic Backwaters

 

Figure 3-3.  Summary of expected effects on macroinvertebrates of declines in flow 

and/or water level due to water withdrawals in the St. Johns River. 
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water level reductions (Figure 3-3). As was seen in the Kissimmee River (Cummins and 
Merritt, unpublished observations), reduced flows, especially during periods of warmer 
water temperatures, can produce backwaters with no flow, which become anaerobic. 
This results in very high mortality of macroinvertebrates, especially those taxa that are 
not very mobile. Such anaerobic or low oxygen environments are dominated by 
macroinvertebrates with adaptations to breath air, for example all hemipterans, many 
adult Coleoptera and some dipterans. Some midges in the chironomid tribe 
Chironomini, are known for their ability to tolerate low dissolved oxygen concentrations 
because they have respiratory pigments. 

Another consequence of reduced flows of the St Johns River would be greater upriver 
intrusion of tidal salt water. The effects of daily and seasonal alterations in salinity would 
be increased coverage of the salt tolerant Vallisneria and abundance of the most salt 
tolerant macroinvertebrates. The literature information on salt tolerance of freshwater 
macroinvertebrates is summarized in Appendix 3.3. This information is provided to 
assist the team that will be developing monitoring strategies for effects of increased 
salinity on macroinvertebrates resulting from alterations in freshwater inflow to the 
estuary. 

St Johns River Macroinvertebrate Habitats 
 
The most broad-ranging direct effect of river flow reductions on macroinvertebrates will 
likely be loss of habitat due to declines in water level.  Minor reductions in water level 
may or may not result in loss of habitat extensive enough to affect macroinvertebrate 
populations; this is a question which needs to be evaluated further. The 
macroinvertebrate communities of the St Johns River will reflect any changes in these 
habitats. Five general habitats can be readily identified and their aerial coverage should 
be monitored annually, before and after any withdrawal goes into effect. Once the 
macroinvertebrates associated with each of the habitat types has been established, 
including seasonal patterns, loss of habitats can be linked directly to impacts on 
macroinvertebrate communities. Further, such changes in macroinvertebrate 
communities can be related to predicted impacts on fish communities (Figure 3-1). 
Macroinvertebrate communities in these habitats can be classified according to their 
food requirements into functional groups (Table 3-1). These are: 
 

 shredders that feed on coarse particulate organic matter (CPOM):  either 
herbivore shredders dependent on live aquatic vascular plant tissue or detrital 
shredders that feed on microbially colonized, decomposing plant litter; 

 collectors that feed on fine particulate organic matter (FPOM), generated from 
the breakdown of plants and plant litter and the sloughing of benthic algal cells:  
these include filtering forms that capture particles from moving currents and 
gathering forms that mine the material from the sediments; 

 scrapers that feed on attached non-filamentous algae; 

 herbivore piercers that feed on filamentous algae; 
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 predators that feed on live prey. 

 
 
Table 3-1.  Functional group categorization and food resources (from Merritt et al. 
2008).  CPOM=coarse particulate organic matter; FPOM=fine particulate organic 
matter. 
 

Functional 
Group 

Particle Size Feeding 
Mechanisms 

Dominant Food 
Resources 

Particle 
Size 

Range of 
Food 
(mm) 

Shredders Chew conditioned litter; or live 
vascular plant tissue; or gouge 
wood 

CPOM – decomposing 
or live vascular plants 
or macroalgae 

> 1.0 

Filtering 
Collectors 

Suspension feeders; filter 
particles from water column 

FPOM – decomposing 
detrital particles; algae, 
bacteria, fecal pellets 

0.01-1.0 

Gathering 
Collectors 

Deposit feeders; ingest sediment 
or gather loose particulate matter 
in depositional areas 

FPOM – decomposing 
detrital particles; algae, 
bacteria, and fecal 
pellets 

0.05-1.0 

Scrapers Graze attached algae and other 
organic matter from surfaces 
(rock, wood, stems of emergent 
vegetation or leaves of 
submerged vegetation) 

Periphyton – attached 
microalgae and 
associated detritus, 
fauna, and fecal pellets 

0.01-1.0 

Predators Capture and engulf parts of or 
whole prey or pierce and ingest 
body fluids of animal prey 

Living animal tissue > 0.5 

 
 
 
 
Habitat Descriptions.  The following is based on an overflight of the St. Johns River from 
Lake Washington to Palatka on June 21, 2008 by KWC, RWM, and RAM, field 
reconnaissance of the middle St. Johns River from above Lake Monroe to Hontoon 
Island, conducted on June 22, 2008 by KWC, RWM and RAM, and other observations 
by RAM on the river. 
 

      1.  Nuphar (yellow pond lily, spatterdock) beds. 
      Beds of Nuphar advena are a dominant emergent plant type in the main channel of the 

St. Johns River. These beds are essentially mono-specific, overlapping only 
occasionally and slightly with other emergent plants. The Nuphar beds occur in patches 
of varying size, from about 50 leaves to thousands, and are usually clearly separated by 
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open water, with or without submerged Vallisneria, from other beds. Nuphar is a clonal 
plant so the size of the smaller beds in general reflects the age of the bed. These clonal 
beds should be relatively permanent features. Following this reasoning, the larger the 
bed, the longer the period involved to establish macroinvertebrate populations. There 
appears to be a heavy infestation of the noctuid moth Bellura (a herbivore shredder) in 
the Nuphar beds. The larvae invade the petiole through the top of the leaf, leaving a 
neat hole into the petiole and move their feces out of the stem and place it in a ring 
around the entrance hole. The population dynamics of Bellura should reflect the relative 
age of the Nuphar beds. Although not observed on the reconnaissance trip in June 
2008, other herbivore shredders, lepidopteran, and possibly chironomid, leaf miners,  
would be expected to be found feeding on the Nuphar leaf ―canopy‖. The Nuphar stems 
provide habitat for climbers, such as the predaceous Anisoptera (Odonata) in the family 
Aeschnidae and the hemipteran Ranatra in the family Nepidae. Chironomid midge 
larvae and the amphipod Hyalella azteca also would be expected on the stems, 
scraping periphyton as their food resource. The detritus accumulation at the base of the 
Nuphar stems provides habitat and food for detrital shredders such as crabs (the 
xanthid crab Rhithropanopeus harrisi), crayfish (Procambarus spp.) and Palaemonetes 
paludosus (glass or grass shrimp).  These might also be expected because they were a 
dominant animals in the Kissimmee River,. Gathering collectors, such as midges in the 
tribe Chironomini also occur in this habitat, where they feed on FPOM. Although not 
collected on the reconnaissance trip in June (2008), sprawling mayflies, such as 
Caenis, and dragonfly nymphs (Libellulidae) would also be expected in this habitat. 
Caenis nymphs are gathering collectors feeding on FPOM and libellulids are predators. 

 
2. Typha sp. (cattail) and other emergent vegetation stands along the shoreline.  
The roots and stems of Typha and other emergent macrophytes (e.g., Sagittaria spp., 
Pontedaria cordata, Polygonum spp., Phragmites communis, and Scirpus spp.) provide 
a complex structural habitat wherever they occur along the river bank. This habitat 
harbors essentially the same fauna as the detrital litter layer under the Nuphar beds. 
Crabs appear to be more abundant than under the Nuphar beds and Palaemonetes and 
crayfish would be expected here as well. The absence of Dytiscidae and Hydrophilidae 
(Coleoptera) and all aquatic Hemiptera (except Ranatra) was unexpected during the 
reconnaissance trip in June 2008. Their absence might be attributable to the very low 
current velocities (<10 cm/sec.) observed, but the adults of the two coleopteran families 
and the hemipterans are all air breathers and swimmers and. therefore, should be well 
adapted to such habitats. Only a single specimen of the swimmer/gathering collector 
Baetis (Ephemeroptera), was found in these habitats that would normally house 
significant numbers. The baetids respire with gills and would be vulnerable to low flow 
and low dissolved oxygen levels, but their swimming ability would allow them to move to 
better habitats. However, no nymphs were found in any of the other habitats collected 
during the June 2008 reconnaissance. Predaceous Ranatra also were collected in the 
Typha stands at the river margin. 
 
3. Large woody debris (LWD).  
 LWD has been shown in other studies (e.g. large, non-wadable rivers of Michigan; 
coastal plain streams in the southeastern U.S.; streams of the Pacific northwest) to be 
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the most significant habitat for macroinvertebrates. It provides relatively stable surfaces 
for attachment, especially for filtering collectors, and for periphyton grazing by scrapers. 
LWD in the St. Johns River would be expected to accommodate filtering collectors, e.g. 
net-spinning Trichoptera, and tube-dwelling chironomid midges, e.g. Tanytarsini. Few 
macroinvertebrates were collected on LWD on the reconnaissance trip in June 2008; 
only a few Chironomini and Hyalella. Critical issues for the use of LWD by 
macroinvertebrates in the St. Johns River will be flow, amount of the wood that is 
submerged, and whether the wood is submerged in open water or in Nuphar beds. A 
sparse amount of LWD was observed upstream from Lake Monroe during the June 
2008 reconnaissance that was similar to that observed in the demonstration reach (B) in 
the Kissimmee River and in the oxbows of the Caloosahatchee Rivers in south Florida . 
LWD along the banks of the St. Johns River downstream from Lake Monroe was at 
least 10 fold greater than upstream of the lake, primarily due to the floodplain being 
vegetated more by forested wetlands in this reach of the river. 
 
4. Vallisneria americana (eel grass) beds. 
Because submerged Vallisneria beds are salt tolerant they extend well into the lower St. 
Johns River and upper portion of the St. Johns River estuary. The beds observed and 
sampled in during the June 2008 reconnaissance in the middle St. Johns River were in 
poor condition. The dominant macroinvertebrates collected were the detritivore 
shredders Palaemonetes and xanthid crabs, probably due to the on-going die back of 
the plants producing a litter layer of CPOM. The diverse macroinvertebrate fauna 
expected in submerged Vallisneria beds was not observed during the June 2008 
reconnaissance in the middle St. Johns River, possibly due to extreme low stage at the 
end of the dry season and poor bed condition. 
 
5. Open water/sediments (clay and sand).  
The bottom in open water areas along the river bank, that is bank devoid of emergent or 
submerged vegetation, was hard clay, overlain with a layer of sand in some locations. 
No macroinvertebrates were encountered on or in these areas of highly compacted 
bottom. At least some chironomids would be expected to inhabit this habitat type, along 
with oligochaetes and bivalve molluscs. 
 
6. Floodplain aquatic habitats. 
During above average and high flows/stages, extensive areas of the floodplain of the St. 
Johns River become available as aquatic habitats to benthic macroinvertebrates and 
fishes.  Upstream of Lake Monroe, most of the habitat is characterized by herbaceous 
marsh, while below Lake Monroe forested swamps predominate in the floodplain.  
During low flows, lesser areas of aquatic habitat may remain available in the floodplain 
as inundated slough and strand habitats and depressional ponds and marshes.  
Reductions in water level due to withdrawals could result in alterations in the area, 
volume, and possibly quality of floodplain aquatic habitat (e.g. Light et al. 1998; 2002) 
that would have negative effects on benthic invertebrate populations.  Lillie (2003) 
demonstrated that shorter-hydroperiod wetlands in Wisconsin generally had reduced 
taxonomic richness through loss of mayflies and amphipods and were more dominated 
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by air-breathing taxa (mosquitoes) or those adapted to ephemeral aquatic habitats 
(Branchiopods). 
 
Any of these habitats can occur in slow- or no-flow backwater areas. Although dissolved 
oxygen levels may be sufficient to support non-air breathing macroinvertebrates (those 
with gills or cutaneous respiration) during daylight hours because of photosynthetic 
oxygen production, night time DO depletion, especially at high temperatures, likely 
would be lethal. These stagnant areas would be populated almost exclusively by air 
breathing forms, those with respiratory pigments, or the ability to temporarily sequester 
the products of low oxygen metabolism. 
 
Macroinvertebrates as Surrogates for River Ecosystem Attributes 
 
Changes in ecological conditions in the St. Johns River due to hydrologic changes as a 
result of water withdrawals may alter invertebrate habitat availability or nutritional 
resources. These can be assessed by comparing the response of various functional 
groups of macroinvertebrates. By categorizing macroinvertebrates on the basis of 
functional requirements and comparing these functional groups as ratios, it is possible 
to relate shifts in relative dominance of groups to changes in river ecosystem attributes, 
such as those resulting from water drawdown (Merritt et al. 2008). Changes in river 
ecosystem condition that alter the nutritional resource base are in turn reflected in 
changes in the ratios of invertebrate feeding groups. As shown in Table 3-2, the 
resulting ratios can serve as surrogates for ecosystem attributes. In addition, thresholds 
can be established, as they have been established for other river ecosystems (Table 3-
2), that represent ―tipping points‖ at which major shifts in river ecosystem function can 
be expected. Other ratios such as those involving life history (e.g. voltinism, that is 
number of  generations per year) or physiological adaptations (e.g. air breathing vs 
aquatic respiration of dissolved oxygen) could also be developed as surrogates for 
conditions resulting from lowering of river water levels (Figure 5-3). Monitoring 
functional groups at times of changes in water levels would allow thresholds of 
response to be established. As a general rule, changes of greater than 50% in a ratio 
would be cause for concern (e.g. Merritt et al. 2002) and could likely be related to 
impacts on fish populations. 
 
Target Freshwater Macroinvertebrate Species or Taxa Groups 
 
Crayfish 
 
Crayfish were selected as a target taxon of freshwater benthic macroinvertebrates due 
to their importance in aquatic food webs as consumers of plant material and important 
prey items for many vertebrates of ―human interest‖, including sport fish (largemouth 
bass and Lepomis spp.), birds of conservation interest (wading birds such as Glossy 
and White ibis, Wood stork, and various herons and egrets), and herpetofauna (pig frog, 
striped swamp snake).  Crayfish are particularly important members of the benthic 
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Table 3-2.  Examples of macroinvertebrate surrogate ratios for some ecosystem 
attributes.  FFG=functional feeding group. 
 

 
Ecosystem Attribute 

Description of 
Ecosystem Measure 

 
FFG Ratio Surrogate 

Production/Respiration 
(P/R) Ratio 

Autotrophy/Heterotrophy 
Index: 
 
ratio of gross primary 
production to total 
community respiration 

Scrapers 
to 

Shredders + Total Collectors (filtering 
and gathering) 

 

Threshold:  0.75 

BCPOM/BFPOM Ratio Shredder-Riparian Index: 
 
ratio of benthic CPOM to 
benthic FPOM 

Shredders 
to 

Total Collectors 
 

Threshold: 
Fall/Winter 0.50   Spring/Summer 0.25 

SFPOM/BFPOM Suspended Load Index: 
 
ratio of suspended FPOM 
(in transport in water 
column) to benthic FPOM 

Filtering Collectors 
to 

Gathering Collectors 
 

Threshold:  1.0 

Stability Substrate Stability Index: 
 
ratio of cobbles to wood on 
the bottom 

Scrapers + Filtering Collectors 
to 

Shredders + Gathering Collectors 
 

Threshold:  0.60 

Water Column-Feeding 
Fish Food Availability 

Juvenile Salmonid Food 
Index: 
 
ratio of predictable 
invertebrate supply to 
unpredictable invertebrate 
supply 

Behavioral Drifters 
to 

Accidental Drifters 
 

Threshold:  0.50 
 

Filtering + Gathering Collectors to 
Scrapers + Shredders + Predators 

 

Threshold:  0.50 

 
 
 
fauna (in terms of abundance and biomass) in marsh areas of the upper St. Johns 
Basin (headwaters to Puzzle Lake) and probably the floodplain marsh areas of the 
middle St. Johns River basin between Lakes Harney and Monroe.  Crayfish are also 
important from an overall conservation perspective, in that they are one of the more 
imperiled groups of freshwater fauna. Nationwide, 51% of crayfish taxa are considered 
imperiled or vulnerable to extinction (Master et al. 1998) 
 
The two main taxa of crayfish found in the southern half of the St. Johns River basin are 
Procambarus alleni and Procambarus fallax (Franz and Franz 1990; Hobbs 1942).  P. 
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alleni is endemic to Florida (Franz and Franz 1990; Hobbs 1942).  Franz and Franz 
(1990) indicate that P. fallax is also endemic to the state, although Hobbs (1942) reports  
collections from southern Georgia.  Neither species appears to be imperiled at this time.  
The only other crayfish currently reported for the upper and middle St. Johns River 
basins is Procambarus paeninsulanus, which appears to reach the southern limits of its 
distribution in central Florida (and may not extend into the southern reaches of the 
upper St. Johns basin).  Other crayfish taxa are found in the lower St. Johns River 
basin, but impacts to these will largely be due to alterations in salinity due to freshwater 
flow reductions, or to alterations in hydrology of the tributaries due to land use changes, 
not flow reductions in the main river. 
 
Studies of the ecology and life history characteristics of P. alleni and P. fallax have been 
conducted in the Everglades (Hendrix and Loftus 2000 and references therein; Acosta 
and Perry 2001, 2002; Dorn and Trexler 2007), in isolated wetlands in south Florida 
(Huffman 2002), and in marshes of the upper St. Johns basin (Jordan et al. 1996a; 
1996b).  These are summarized here and from these studies, hydrologic habitat criteria 
are proposed for consideration to protect populations of these two crayfish. 
 
In the Everglades, P. alleni prefers wetlands with short to intermediate duration 
hydroperiods (generally < 9 to 10 months per year as defined by Hendrix and Loftus 
2000), while P. fallax prefers wetlands with intermediate to long-duration hydroperiods 
(11 to 12 months per year after Hendrix and Loftus 2000).  This appears to be also true 
in marshes of the upper St. Johns basin, as P. alleni was significantly more abundant 
(by both density and biomass) in shorter-hydroperiod wet prairies vs. wetter sloughs 
(Jordan et al. 1996a). P. alleni is a more effective burrower, has a higher growth rate, 
and appears to more effectively exploit shelter/refuge space (Dorn and Trexler 2007). 
 
Data collected by Water and Air Research for the SJRWMD (Figure 3-4) in the Blue 
Cypress Marsh Conservation Area (BCMCA) indicates that P. fallax was most abundant 
in Panicum marshes.  These wetland habitats are characterized by a hydroperiod of 
90% inundation frequency (i.e., roughly 11 months or more of inundation each year, 
Lowe 1986) and fairly dense vegetation cover.  Longer-duration wetlands with deeper 
water (permanently inundated), such as water lily marsh, supported low numbers of P. 
fallax (Figure 3-4), probably because of a higher abundance of fish predators such as 
bass and sunfish (Evans et al. 2004b; Jordan et al. 1996b).  Dorn and Trexler (2007) 
indicated that the distribution of P. alleni and P. fallax reflected a mix of hydrologic 
requirements, ability to tolerate wetland dry down, competition and predation 
susceptibility, with P. fallax found in deeper wetland habitats.  
 
Dorn and Trexler (2007) showed that P. fallax was more abundant in areas of deeper 
water towards the center of sloughs in the Everglades (average depth of 40 cm). P. 
alleni density was highest in shallower areas of the Everglades sloughs, with data 
indicating highest density in areas generally < 30 cm in depth (Figure 3-5; Dorn and 
Trexler 2007). Highest abundance of P. fallax was in intermediate water depths in 
BCMCA in the upper St. Johns basin (Figure 3-6).  These were the depths found in 
Panicum marshes, which suggests that the crayfish is utilizing more densely vegetated 
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Figure 3-4.  Boxplots (median, interquartile range, and + 1.5 standard deviations) of 
abundance of Procambarus fallax in major marsh types in the Blue Cypress Marsh 
Conservation Area in the Upper St. Johns River basin.  Data from Evans et al. (2004b). 
 
 
 
habitat, even though depth appears to be shallower than preferred, as shelter from 
predation.  Note that these data were from a one-time sampling and do not reflect long 
term hydrologic conditions. P. alleni may be more resistant to predation due to its being 
a better burrower, preference for shallower marsh and wet prairie areas (which fish are 
less able to use), and better ability to compete for shelter (Dorn and Trexler 2007). 
 
Acosta and Perry (2001) evaluated the impacts of shortened hydroperiod (duration of 
inundation) and depth to groundwater during droughts on populations of P. alleni in marl 
prairie habitats in the Everglades.  Abundance and mean size of crayfish was higher in 
medium (7 months of inundation) and long (9 months of inundation) hydroperiod sites  
than at short (3 months) hydroperiod sites.  Groundwater levels during the dry season 
dropped to > 1 m below ground surface at the short hydroperiod site, which significantly 
affected crayfish survival during the dry season – none were able to survive because 
they could not burrow deep enough to reach groundwater.  Based on their data, Acosta 
and Perry (2001) suggested that survival of P. alleni populations required > 7 months of 
inundation and a seasonal low groundwater table of < 0.5 m below ground surface. 
 
Based on the above results, Table 3-3 indicates the hydrologic and habitat requirements 
proposed to maintain healthy populations of these two crayfish in headwater and  
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Figure 3-5.  Density of P. alleni versus average water depth over the prior 180 day 
period in Taylor Slough in the Everglades. Adapted from Dorn and Trexler 2007. Line 
was fit by hand. 
 
 

 
Figure 3-6.  Mean abundance of P. fallax versus water depth (single measurement) at 
sampling sites in the Blue Cypress Marsh Conservation Area.  Data from Evans et al. 
(2004b). 
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floodplain marshes of the upper and middle St. Johns River.  Conservation of P. alleni is 
important because of its endemic status in Florida.  Conservation of P. fallax is 
important because its hydrologic and habitat requirements may make it a more readily 
available (and important) food item in the diets of predators which target crayfish prey.  
Because of its apparent inability to tolerate wetland dry down as well (Dorn and Trexler 
2007), areas of deeper depth (> 0.3 m) appear to be needed to support continued 
existence of P. fallax populations, although it is capable of living in shallower depths 
(Figure 3-6). 
 
Hydrology appears to exert influences on these two crayfish both directly (via their 
ability to tolerate dry down during droughts) and indirectly via effects on plant 
community structure (species composition, stem density, etc.).  The results and  
conclusions of the Wetlands Assessment Group will be an important link in protection of 
crayfish populations in the upper and middle St. Johns basin.  Analyses by the 
Hydrology Modeling Group will be needed to evaluate effects on habitat and hydrologic 
conditions. 
 
 
 
Table 3-3.  Hydrologic and habitat requirements for Procambarus alleni and 
Procambarus fallax in the middle and upper St. Johns basin wetlands. 
 

 
Mean water 

depth (m) 

Duration of 

inundation 

(months) 

Dry season 

water table  

depth (m)  

Preferred habitats 

P.  alleni < 0.3 7-10 > -0.5 Wet prairies; shallow marshes 

P.  fallax 0.3-0.5 > 11 NA 

Well-vegetated deep marshes; 

sloughs w/ dense submerged 

and emergent vegetation cover 

 
 
 
Apple Snail 
 
The Florida Apple Snail (Pomacea paludosa) was identified as a target taxon because 
of its importance in the diets of many wetland taxa of conservation interest, particularly 
the Everglades snail kite (Rostrhamus sociabilis plumbeus), a raptor on both the 
Federal and State Endangered Species Lists.  This bird has expanded its range 
northward from south Florida into the upper St. Johns River Basin (USJRB), due in part 
to the restoration of the headwater marsh areas in the USJRB (Miller et al. 1996).  
Apple snails are a principal component of its diet (Turner et al. 2001; Sykes 1978).  
Apple snail may also be a good general indicator of wetland condition, since they 
respond both to hydrology (duration of inundation, periods of dry-down, and water 
depth) and to wetland plant community composition.  In particular, broad-stemmed 
wetland plant taxa are required for oviposition and to allow the snails to ―aerial breath‖ 
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during times of hypoxic stress in the water (Turner et al. 2001; Turner 1996; 
Karunaratne et al. 2006). 
 
Studies on Apple snail life history and ecology have been conducted in the Florida 
Everglades (Karunaratne et al. 2006) and in the USJRB (Turner 1994, 1996; Stevens et 
al. 2002; Darby et al. 2003; Darby et al. 2008).  A literature review and synthesis of 
Apple snail biology and ecology was compiled by Turner et al. (2001). Apple snails are 
found in Florida in both flowing water and lentic (lake and wetland) habitats (Turner et 
al. 2001).  Spring run streams or streams heavily influenced by groundwater inflow 
appear to be optimal habitats, probably due to a combination of abundant dissolved 
calcium (for shell construction), good oxygen levels due to turbulent mixing, and an 
abundance of submerged and emergent plants for feeding, protection from predators, 
and oviposition.  Apple snails possess both gills and a vascularized respiratory chamber 
called a ―lung‖ (Turner et al. 2001).  During periods of reduced dissolved oxygen (DO) in 
the water column, they are able to ascend emergent vegetation to breath on the 
surface.  This is particularly important in wetland habitats, which experience seasonal 
hypoxia during warm weather and higher water temperatures (Stevens et al. 2002). 
 
Apple snails also require emergent vegetation to lay their eggs.  Eggs are deposited in 
clusters (clutches) on the stems of emergent plants above the water line (Turner 1994, 
1996).  It appears this is primarily to protect the eggs from aquatic predators (Turner et 
al. 2001).  Turner (2006) found that certain wetland habitats in the USJRB were more 
optimal for egg clutch deposition; these included edge of sawgrass marsh and shallow 
marsh areas with an abundance of broad-stemmed plants (> 6mm diameter at the water 
surface).  These included sawgrass (Cladium jamaicense), swamp lily (Crinum 
americanum), pickerelweed (Pontedaria cordata) and lance-leaf arrowhead (Sagittaria 
lancifolia).  In the Everglades, Karunaratne et al. (2006) found higher densities of Apple 
snail in wet prairie habitat (dominated by maidencane, Panicum hemitomon, and 
sedges) versus slough habitat (dominated by fragrant water lily, Nymphaea odorata).  In 
part this appeared to be due to a combination of more food resources (epiphytic algae) 
available in the wet prairie and better screening from visual detection by foraging snail 
kites.  In the Everglades wet prairie habitats, maidencane appeared to be preferred for 
oviposition (Karunaratne et al. 2006), based in part on its being a dominant plant in 
those habitats (and apparently preferred over sedges, Eleocharis spp.), but they found 
that arrowhead was used, when available, as well as swamp lily in slough habitat. 
 
Hydrologic requirements 
 
Review of the literature discussed above indicates that hydrology exerts a major effect 
on Apple snail populations indirectly, by influencing wetland plant community structure.  
Recent study indicates the snails are well-adapted to tolerate periodic dry downs in 
wetlands (Darby et al. 2003; Darby et al. 2008), and although they appear to avoid 
deeper marsh habitat (water lily sloughs), these may be used as temporary refugia 
during dry seasons (Turner 1996).  The major indirect effect of hydrology on Apple snail 
appears to be through how it influences the plant community composition of wetlands 
(interacting with other environmental forces, such as fire); hydrologic changes which 
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reduce the abundance and cover of plant taxa preferred for oviposition will negatively 
impact Apple snail populations (Turner 1996). 
 
Direct effects of hydrology on Apple snail was shown by Darby et al. (2008) to act via 
timing and duration of dry down events.  Pre-reproductive adult snails were able to 
survive up to 12 weeks of dry (non-flooded) conditions in mesocosm experiments 
(Darby et al. 2008).  Survival of juvenile snails under dry down conditions was lower 
than adults.  A summary of recommended hydrologic and habitat requirements is 
presented in Table 3-4. 
 
 

 
 

Table 3-4.  Apple snail hydrologic and habitat requirements. 
 

 Adult Juvenile 

Dry-down duration < 12 weeks 4 to < 8 weeks 

Dry-down timing Minimize between April-June 
(during egg-laying/recruitment) 

Minimize between May-July 
(support juvenile recruitment) 

Recurrence 
interval 

2-3 years Same as for adults 

 

Habitat 
Mixed shallow marsh (w/ sawgrass, 
pickerelweed, arrowhead, lily and 
maidencane 

Same as for adults 

 
 
 
Estuarine Benthic Communities 

Overview 
 
An estuary is defined as a semi-enclosed body of water where salt water from the 
ocean mixes with fresh water from rivers and land.  Nothing is more fundamental to the 
functioning of an estuary than the quantity and timing of freshwater delivery (Dahms, 
1990; Montagna et al., 2002a).  Freshwater inflow affects estuaries at all basic levels 
including physical, chemical, and biological effects.  Probably the most direct and 
measurable effect of freshwater inflow is on an estuary‘s salinity gradient.  Freshwater 
has salinity of 0 parts per thousand (ppt) salts, and full-strength seawater has about 35 
ppt.  Estuaries with little freshwater input and high evaporation rates can be hypersaline, 
reaching up to 40 - 45 ppt.  Estuaries typically display a salinity gradient with lower 
salinities toward river inflows and higher salinities toward the inlet to the ocean.  Altered 
freshwater delivery can greatly influence salinity distribution throughout an estuary; 
spatially through the establishment of salinity gradients, and seasonally, through the 
relocation of isohalines (Tolley et al., 2006).  Besides salinity, freshwater inflow causes 
changes in a suite of water column parameters.  In general, high flows result in low 
salinities because seawater is diluted, high nutrient concentrations because nutrients 
are washed in from the land, and high chlorophyll a concentration because microalgae 
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growth is stimulated by nutrient addition.  This cascade of inflow, nutrients, and algal 
growth is responsible for maintaining productivity in estuarine areas (Montagna, 2008).  
Other effects of freshwater inflow on estuaries include dilution and transport of 
pollutants, creation of nursery habitats, reduction of metabolic stresses in estuarine 
organisms, sediment transport, and timing of migration and reproduction for transient 
and permanent estuarine organisms (Longley, 1994). 
 
Freshwater inflow and resultant changes in salinity are important controllers of 
ecological function in estuarine ecosystems by regulating important biological 
mechanisms (Kinne, 1971; Allan et al., 2006).  In general, estuarine diversity and 
productivity are determined by salinity tolerances, nutrient availability, dissolved oxygen 
(DO) concentrations and pH, which in turn are sensitive to the timing, duration, 
magnitude, and sources of freshwater inflow (Sklar and Browder, 1998).  Although 
estuarine organisms are generally euryhaline, few occur throughout the entire range of 
salinities.  Instead, a diminishing number of estuarine benthic species generally occur 
along salinity gradients from marine to brackish water, and brackish to fresh water, but 
seasonality and variations in the salinity regime are important components of this 
relationship (Boesch, 1977; Bulger et al., 1993; Attrill and Power, 2000).  Changes in 
the salinity gradient and pattern of salinity variation (e.g., shifts in isohalines) can induce 
large changes in community structure and ecosystem function within estuaries 
(Appendix 3.4, Kowaleswski et al., 2000; Rodriguez et al., 2001). 
 
Alteration of macroinvertebrate habitats 
 
The benthic community is unique among estuarine organisms for several reasons.  
First, they are predominantly permanent residents of estuaries, unlike much of the more 
visible nekton that are made up of large populations of migratory organisms.  Second, 
they are relatively long-lived compared to plankton.  Third, the benthos are relatively 
immobile and fixed in space, unlike nekton and plankton that move freely or with 
currents.  In addition, everything dies and ends up in the detrital food chain, which is 
utilized by the benthos.  This combination of characteristics means that the benthic 
community integrates changes in ecosystems over long time scales (Figure 3-7).  
Benthos are therefore the best sentinel group, responding to changes in external 
conditions without the complication of movement to different regions of the estuary or 
the adjacent coastal zone.  Because benthic organisms are relatively immobile, they are 
usually the first organisms affected by anthropogenic environmental stress.  Many 
ecological monitoring programs use benthic abundance, biomass, and diversity as 
ecological indicators of the state, productivity, or health with respect to changes in the 
environment. 
 
There are good ecological conceptual models that provide a scientific basis for 
interpreting the data generated in benthic monitoring and detection studies.  These 
approaches utilize many single species, community studies, and statistical models.  
One of the most important concepts is the succession model proposed by Rhoads et al. 
(1978).  They applied scientific theories of ecological succession and its relation to 
productivity to suggest ways that dredge-spoil could be managed to enhance 
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productivity.  The same year, Pearson and Rosenberg (1978) published a review 
showing how benthic community succession changed in relation to organic enrichment.  
The central tenant of this theory is that distance from a pollution source is analogous to 
time since a natural disturbance.  Thus, the sequence of colonization and succession 
events that occur after a disturbance are similar to the changes in communities 
observed with distance from a pollution source.  There is typically a gradient from 
smaller, less diverse, pioneering species limited to surface sediments to larger, more 
diverse, climax assemblages of deeper dwelling organisms.  The gradient changes over 
both distance from a pollution source or is represented by community development over 
time after a disturbance.  Thus, we have a scientific justification for benthic community 
structure and biodiversity studies as an assessment tool.   
 
 
 
 

 

Figure 3-7.  The effects of altered freshwater inflow to coastal ecosystems include 
changes in hydrology, nutrient & sediment input, and salinity regimes, and losses of 
habitat, biodiversity, and productivity (from Montagna et al. 1996). 
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A review of case studies of freshwater inflow effects on benthic macroinvertebrate 
communities in Texas and Florida, and relevance to the St. Johns River estuary, is 
presented in Appendix 3.4. 
 
Analysis of St. Johns River estuary benthic data 
 
The purpose of this original analysis was to investigate the relationship between 
freshwater inflows and estuarine macrobenthic communities in the St. Johns River 
estuary using existing data.  Several macrofauna data sets were obtained for analysis 
including data from Cichra and Adicks (1998), Mason (1998), Evans et al. (2004a), 
Evans and Higman (2001), Cooksey and Hyland (2007), and from the St. Johns River 
Water Management District (SJRWMD) Submerged Aquatic Vegetation (SAV) 
monitoring program (Sagan, 2007).  The analysis approach was similar to the meta-
analysis of southwest Florida mollusk data and details of the approach can be found in 
Montagna et al. (2008). 
 
The investigations by Evans and Higman (2001) and Evans et al. (2004a) were not 
suitable for a freshwater inflow investigation because each station was only sampled 
once over time and the purpose of these studies was not to evaluate salinity effects on 
benthos.  Without replicate samples, variance cannot be calculated and station or 
treatment differences cannot be statistically analyzed.  The investigation by Cooksey 
and Hyland (2007) had useful data, however the sampling stations in this study were 
generally more tidally influenced than freshwater influenced and the emphasis of the 
sampling was partially on chemical contamination of the sediments.  These two factors 
limited the ability to use the available data sets for analysis relating to freshwater 
inflows. 
 
The SAV data set was deemed the most useful because it contained the most replicates 
over time, contained the most recent data, and covered the area of the estuary where 
potential isohaline shifts were greatest as predicted by ECT (2002:  Figure 4-24).  The 
SAV data set contained eight stations within the St. Johns River Estuary (Figure 8 in 
Appendix 3.4).  The stations in order going upstream are Bolles School, Buckman  
 
 
Table 3-5.  River kilometer position of the eight SAV macroinvertebrate study sites. 

Station River kilometer (rkm) 

Bolles School 49 

Buckman Bridge 55 

Moccasin Slough 61 

Doctors Lake Entrance at rkm 59 

Orangedale 80 

Scratch Ankle 97 

Rice Creek 120 

Crescent Lake Entrance at rkm 139 
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Bridge, Moccasin Slough, Doctors Lake, Orangedale, Scratch Ankle, Rice Creek and 
Crescent Lake.  Detailed station descriptions can be found in Sagan (2007) and the 
river kilometer (rkm) is shown in Table 3-5.  The SAV stations could not be appended 
and used alongside the stations from Cooksey and Hyland (2007) because of a lack of 
temporal overlap and because of differences in depth that the benthic samples were 
taken. 
 
Data Analysis Methodology 
 
Macrofaunal Community Structure 
 
Macrofaunal community structure was analyzed to compare stations along the estuary 
and also to compare differences inside and outside grass beds at each station.  Of the 
297 date-station-substrate combinations of macrofauna cores (Table 3 in Appendix 3.4), 
only 233 date-station combinations could be used in this analysis.  64 combinations 
could not be used because they were either preserved incorrectly or the location of the 
samples in relation to grass beds was unknown.  Station-date-substrate combinations 
were averaged by month before station-substrate means were taken.  This monthly 
average removes some of the temporal bias that exists in the dataset.  Orangedale was 
omitted from macrofauna community structure analysis because it was only sampled 
three times. 
 
Non-metric multi-dimensional scaling (MDS) was used to compare macrofaunal 
community structure differences among station-substrate combination.  The distance 
between station- substrate combinations in a MDS plot can be related to community 
similarities or differences between different stations.  Differences and similarities among 
communities were highlighted using cluster analysis.  We used two substrate types; 
inside and outside grass beds.  The date-station combinations taken before August 
2003 were not identified as either inside or outside grass beds so could not be used.  
MDS and cluster analysis was performed using a Bray-Curtis similarity matrix and 
Primer software (Clarke and Warwick, 2001). 
 
Water Quality 
 
Water quality among stations was compared using principal components analysis 
(PCA).  PCA is another multivariate method that allows many variables for many 
samples to be compared simultaneously.  There are two plots generated from PCA.  A 
PCA station-score plot allows for the direct comparison of stations, with the distance 
between any two points, on the plot being relative to the differences in water quality 
between the stations that those points represent.  The second plot, the variable vector 
plot, explains how variables change in relation to each other.  A PCA variable vector 
plot can assist in explaining what variables are most different among stations by 
comparing the vector direction and length of each variable with the location of each 
station on the station-score plot.  The length of the vector is relative to the magnitude of 
difference of a variable among stations.  Only data collected between August 2003 and 
August 2007 was used in the PCA, so as to approximate the time period used in the 
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MDS analysis of macrofauna community structure.  Water quality was only collected 
inside the grass beds within this date range.  PCA was performed using SAS 9.1 
software (SAS Institute Inc, 2004). 
 
Comparing macrofauna and salinity 
 
Mean macrofaunal abundance and diversity were compared with mean salinity values 
for each station.  Hill‘s number one (N1) diversity index was used to report species 
diversity (Hill, 1973).  Hill‘s N1 was used because it has units of numbers of species, 
and is more interpretable than most other diversity indices (Ludwig and Reynolds, 
1988). 
 
To directly compare salinity and macrofauna, data could only be used if it had salinity 
and macrofauna data for the same month-year combination and station.  This matching 
reduced 266 monthly macrofauna records and 1136 monthly water quality records to 82 
monthly records that contained both macrofauna and salinity data.  This excluded the 
use of any data from outside the grass beds because there were no salinity 
measurements taken outside the grassbeds after March 2002 and no macrofauna 
samples taken outside the grass beds before August 2003 (Table 3 in Appendix 3.4).  It 
also excluded the use of any macrofauna data for which the substrate (inside or outside 
of grassbeds) was unknown. 
 
Macrofauna abundance and diversity relationships with salinity station means were 
examined with a non-linear model.  The model employed was used successfully in 
Texas and Florida estuaries in the Gulf of Mexico (Montagna et al., 2002b; Montagna et 
al., 2008).  The assumption behind the model is that there is an optimal range for 
salinity and values decline prior to and after meeting this optimum value.  That is, the 
relationship resembles a bell-shaped curve.  The shape of this curve can be predicted 
with a three-parameter, log normal model: 
 

𝑌 = 𝑎𝑒

 −0.5 
𝑙𝑛 

𝑋
𝑋𝑐
 

𝑏
 

2

 

 
 
The model was used to characterize the nonlinear relationship between a biological 
characteristic (Y) and salinity (X) and inflow (X).  The three parameters characterize 
different attributes of the curve, where a is the maximum value, b is the skewness or 
rate of change of the response as a function of salinity, and c the location of the peak 
response value on the salinity axis.  The model was fit to data using the Regression 
Wizard in SigmaPlot, which uses the Marquardt-Levenberg algorithm to find coefficients 
(parameters) of the independent variables that give the best fit between the equation 
and the data (Systat, 2006). 
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Results and discussion 
 
Macrofaunal Community Structure 
 
The MDS and cluster analysis separates the macrofaunal communities into four groups 
(Figure 3-8).  The first group consists of both substrates in the most upstream station, 
Crescent Lake (rkm 139).  The second contains both substrates from the next most 
upstream stations, Rice Creek and Scratch Ankle (rkm 120 and 97).  The third group 
contains only the macrofauna community outside the grass bed at Doctors Lake (rkm 
59).  The fourth group consists of the macrofaunal communities of all the other 
substrate-station combinations.  
 
Water Quality 
 
The first one and two principal components (PCs) explain 41.2 and 26.5 % respectively 
(Figure 3-9).  High PC1 values indicate stations with high salinity, chl-b, phosphate, total 
phosphorus and nitrate/nitrites (NOx).  Low PC1 values indicate stations with high pH,  
 
 
 
 
 
 

Figure 3-8.  Non-metric Multi-dimensional Scaling plot of SAV stations labeled by station 
and substrate type; inside (In) and outside (Ou) grass beds.  Similarity contours from 
cluster analysis are overlaid. 
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Figure 3-9.  Principal Components Analysis plots of physical variables in St Johns 
Estuary. A) variable loading scores and B) station scores. 
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Table 3-6.  Mean water quality variable values for each SAV station (Fig. 8 in Appendix 3.4) between August 2003 and 
August 2007. 
 

Variable Units 

Station 

Bolles 
School 

Buckman 
Bridge 

Crescent 
Lake 

Doctors 
Lake 

Moccasin 
Slough 

Orangedale 
Rice 

Creek 
Scratch 
Ankle 

Alkalinity mg l-1 66.8 63.8 32.6 62.1 62.3 72.1 78.4 68.8 

Chl-a mg m-3 10.9 10.1 24.6 35.1 9.6 18.2 25.6 21.8 

Chl-b mg m-3 -0.45 -0.40 -1.46 -1.36 -0.59 -1.13 -1.10 -1.03 

Chl-c mg m-3 0.71 0.76 1.16 2.73 0.5 0.81 1.36 1.2 

Color cpu 121.8 124.5 348.0 92.2 127.3 43.2 175.0 134.2 

Dissolved 
Oxygen 

mg l-1 7.88 7.83 8.09 7.93 8.02 8.15 6.88 8.03 

Depth m 1.02 1.02 1.00 1.01 1.03 1.37 0.99 1.00 

Ammonium mg l-1 0.02 0.02 0.02 0.02 0.03 0.01 0.02 0.01 

Nitrate + Nitrite mg l-1 0.18 0.14 0.09 0.05 0.12 0.03 0.04 0.06 

Phosphate mg l-1 0.06 0.06 0.04 0.02 0.05 0.03 0.02 0.02 

Salinity ppt 4.21 3.32 0.23 2.41 2.47 2.60 0.45 0.55 

Secchi m 0.69 0.72 0.45 0.64 0.71 0.82 0.50 0.62 

Silicate mg l-1 3.80 3.71 4.23 3.72 3.79 1.87 5.11 3.86 

Temperature deg C 22.7 22.7 23.1 23.1 22.8 22.6 23.6 22.5 

Turbidity ntu 7.40 6.31 6.49 7.02 5.71 5.92 10.67 6.59 

TSS mg l-1 10.4 9.5 10.5 11.2 8.0 11.9 11.8 10.9 

Total 
Phosphorus 

mg l-1 0.09 0.08 0.06 0.04 0.07 0.05 0.03 0.03 

pH  7.82 7.80 7.79 8.07 7.84 7.89 7.81 8.05 
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TSS, chl-a, and chl-c.  High PC2 values indicate high color values and silicate 
concentrations but low alkalinity and depth values.  The stations are separated along 
PC1 into two groups.  The first group contains Bolles School, Buckman Bridge and 
Moccasin Slough, the three most downstream stations (rkm 49, 55, and 61). The 
second group contains the five most upstream stations.  While the first group is tightly 
clustered along PC2, the second group is not.  Rice Creek, Scratch Ankle and Doctors 
Lake have PC2 scores close to zero, however Crescent Lake and Orangedale have 
positive and negative PC2 scores respectively.  Crescent lake (most upstream site) has 
the highest mean color value (348 cpu) and among the highest silicate concentrations 
(4.2 mg l-1) but the lowest alkalinity value (32.6 mg l-1, Table 3-6).  Conversely, 
Orangedale (rkm 80) is on average 0.4 m deeper than all of the other stations, has the 
lowest mean color value (43.2 cpu) and silicate concentration (1.9 mg l-1) and among 
the highest mean alkalinity values (72.2 mg l-1). 
 
Comparing macrofauna and salinity 
 
Macrofaunal abundance and diversity peaked when mean salinity was 1.5 and 1.0 ppt 
respectively (Figure 3-10).  The rate of change of abundance and diversity with salinity 
was greater when salinities were below 1.5 and 1.0 ppt respectively then when salinities 
were above these values.  The correlations between salinity and both abundance and 
diversity were high but not significant.  
 
Indicator species 
 
Although the salinity ranges are small in the study area, specific species and taxa were 
found that are indicators of the various salinity regimes (Table 3-7).  These salinity 
regimes correlate with the results from the multivariate species analysis (Figure 3-8 and 
3-9).  Diversity increases as salinity increases.  No specific bivalve or polychaete 
indicator was found in the fresh water zone (such as Crescent Lake).  Only one 
indicator, the bivalve Rangia cuneata, was an indicator for the fresh oligohaline zone 
(such as Rice Creek and Scratch Ankle).  There were three additional species that were 
found to be indicators of the salty oligohaline zone (found in the remaining stations).  
 
There is a clear correlation between salinity and macrofauna characteristics at these 
eight SAV stations.  The macrofaunal community structures of each station are grouped 
more by salinity zone then whether the communities are inside or outside of grass beds 
(Figure 3-8).  Crescent Lake, with lowest mean salinities (0.2 ppt, Table 3-6), has a 
community structure significantly different than all other communities.  The macrofaunal 
community structures of Rice Creek and Scratch Ankle are similar to each other but 
significantly different from all others.  Rice Creek and Scratch Ankle have the second 
lowest mean salinities (0.5 to 0.6 ppt).  The four stations with the highest salinities (2.4 
to 4.2 ppt) have similar macrofaunal community structure except for the Doctors Lake 
macrofaunal community that is found outside the grass beds.  There is a greater change 
in community structure with salinity when salinities are below 1 ppt than when salinities 
are between 2 and 4 ppt. 
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There is also a greater change in macrofaunal abundance and diversity at lower 
salinities then higher ones.  Macrofaunal abundance and diversity increase sharply to 
peaks at 1.5 and 1.0 ppt, respectively, before slowly decreasing as salinity increases.  
The variability of macrofaunal abundance and macrofauna around the correlation 
curves created indicates that other variables in addition to salinity influence macrofaunal 
communities.   
 
The SAV stations vary in many water quality variables in addition to salinity (Figure 5-9).  
The three stations with the highest salinities were separated from the five stations with 
the lowest salinities.  Along with the highest salinities, these three stations had higher 
nitrogen and phosphorus concentrations, but lower chl-a, chl-c, TSS, and pH than the 
other stations.  Color, silicate, depth and alkalinity did not vary much among stations, 
except at Orangedale and Crescent Lake. 
 
 
 
 
 
 
Table 3-7.  St. Johns River oligohaline macrobenthic indicators.   
 

Indicators 

Salinity Zone (mean salinity) 

0.3 ppt 
Crescent Lake 

(rkm 139) 

0.4 - 0.6 ppt 
Rice Creek/ 

Scratch Ankle 
(rkm 120-97) 

2.0 - 3.9 ppt 
All Other Stations 

(downstream rkm 80) 

Species  Rangia cuneata (B) Marenzelleria viridis (P) 
Laeonereis culveri (P) 
Polymesoda caroliniana (B) 
Rangia cuneata (B) 
 

Higher Taxa No bivalves  More polychaetes 
More bivalves 

B = bivalves, P = polychaetes. 
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Figure 3-10.  Salinity versus   A) Abundance and   B) Hills N1 diversity in St. Johns 
Estuary.  BO-Bolles School; BU-Buckman Bridge; MO-Moccasin Slough; DR-Doctor‘s 
Lake; OR-Orangedale; SC-Scratch Ankle; RI-Rice Creek; CR-Crescent Lake. 
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Problems 
 
We have established from this investigation that there is a clear change in macrofauna 
communities with salinity.  However, results are based on the limited salinity range 
within which the SAV stations are located.  All SAV stations are classified as being 
either in the freshwater or oligohaline zone at flood and average inflow (5 and 50 
percentile salinity) and either oligohaline or mixohaline in drought conditions (95 
percentile salinity; Figure 3-11 and Table 3-8).  Although the largest predicted isohaline 
shifts occur within the range of the SAV stations (ECT, 2002), changes in freshwater 
inflow dynamics will most definitely affect the estuary (salinity, biology, or both) further 
downstream than Bolles School, the most downstream SAV station.  The optimum 
salinity for maximum macrofaunal abundance and diversity in this investigation (Figure 
5-10) is relevant for this small salinity range only.  If additional macrofauna and salinity 
data from a wider salinity range further downstream of the existing SAV stations were 
incorporated with the existing data, then the results of the non-linear model that 
determined the optimum salinities would likely be very different. 
 
Other cautions must be heeded when interpreting these results for several reasons.  
First, the sampling design is unbalanced, i.e., a different number of samples were taken 
at each station.  There is possibly some bias in the data based on sampling occurring at 
different times and different number of times at each station.  Second, there are 
inconsistencies between when and where macrofauna and water quality samples were 
taken simultaneously.  This makes a large amount of the data unusable to compare 
water quality and macrofauna, and reduces the power of any analysis relating the 
macrofauna to freshwater inflow.  Other problems include taking subsamples of 
macrofaunal samples.  This affects diversity counts because diversity is calculated per 
unit area and a different area cannot simply be calculated by a simple division or 
multiplication calculation.  The pooling of replicates defies the point of taking replicates 
in the first place.  The main point of replication is to be able to calculate variance and 
avoid pseudoreplication, which cannot be assessed with pooled replicates. 
 
Target estuarine macroinvertebrate species or taxa groups 
 
Blue Crab 
 
Blue crab (Callinectes sapidus) are ecologically and economically important elements of 
the lower St. Johns River and estuary.  Ecologically they are important estuarine 
predators and scavengers and a staple food item in the diets of many estuarine fishes 
(Van Den Avyle and Fowler 1984; reference).  Economically blue crabs are a major 
commercial fishery in the lower St. Johns River, and have been for decades (Tagatz 
1968).  Blue crab commercial landings in the four counties bordering the St. Johns 
estuary (Table 3-9) totaled over 1.4 million pounds of hardshell crab in 2006 (the most 
recent year for which final data are available).  This was about 12% of the total state 
landings.  The estimated dockside value of these landings was about $1.25 million.  
Total softshell blue crab landings in these four counties constituted about one-third 
(32%) of the total statewide landings. 
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Figure 3-11.  Modeled 5th, 50th and 95th percentiles of bottom salinity (ppt) and location 
of SAV stations in St Johns Estuary.  Source:  SJRWMD hydrodynamic model of the 
SJR estuary. 
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Table 3-8.  Salinity modifiers used in a salinity classification system (Venice System 
1959 modified and adapted from Cowardin et al. 1979).  
 

Coastal Modifiersa Inland Modifiersb 
Salinity 
(ppt or 
psu) 

Specific 
Conductance 

(µMhos at 25°C) 

Hyperhaline Hypersaline >40.0 >60,000 

Euhaline Eusaline 30.0-40.0 45,000-60,000 

Mixohaline 
(Brackish) 

Mixosalinec 0.5-30.0 800-45,000 

Polyhaline Polysaline 18.0-30.0 30,000-45,000 

Mesohaline Mesosaline 5.0-18.0 8,000-30,000 

Oligohaline Oligosaline 0.5-5.0 800-8,000 

Fresh 
Freshwater 
(Limnetic) 

<0.5 <800 

aCoastal modifiers are used in the marine and estuarine systems. 
bInland modifiers are used in the riverine, lacustrine, and palustrine systems. 
cThe term ―Brackish‖ should not be used for inland wetlands or deepwater habitats. 

 
Table 3-9.  Blue crab landings (hard- and softshell) in 2006 in the four counties 
bordering the St. Johns River estuary.  ** - some of the reported landings may come 
from the Atlantic coast of the county, rather than the St. Johns estuary.  Source:  Fish 
and Wildlife Research Institute, Florida Fish and Wildlife Conservation Commission. 
 

COUNTY 2006 LANDINGS (lbs) DOCKSIDE VALUE 

 Hardshell crab Hardshell crab 

Clay 143,858 $126,595 

Duval** 553,726 $487,279 

Putnam 405,155 $356,536 

St. Johns** 322,302 $283,626 

TOTAL HARDSHELL 1,425,041 $1,254,036 

 Softshell crab Softshell crab 

Clay 1,270 $8,966 

Duval** 10,628 $75,034 

Putnam 4,808 $33,945 

St. Johns** 6,294 $44,436 

TOTAL SOFTSHELL 23,000 $162,381 
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Tagatz (1968) was the first to conduct detailed studies of the biology of the blue crab in 
the St. Johns River. The crabs mate between March and July and again in late fall and 
early winter (October to December).  Mating occurred in most of the estuary, from 11 
km to 215 km above the river mouth, primarily in shallow-water areas near the shoreline  
of the main stem and in tributaries.  Spawning occurs mostly between March and  
September, with some spawning in the preceding and subsequent months of February 
and October. Temperature appears to be a key stimulant for spawning, as it does not 
occur during the colder months.  Females migrate from the St. Johns River to the 
Atlantic Ocean to hatch their eggs.  Some females re-enter the river after releasing their 
eggs off the river mouth and develop another sponge (egg mass).  The larval stage 
(both zoeal and megalops) appears to last for about two months (37-69 days) according 
to laboratory studies (Costlow and Bookout 1959).  Larvae were collected in the river 
between April and October, mainly in the lower 11 km of the river above the mouth.  A 
few larvae were collected up to 40 km from the mouth of the river between May and 
October. 
 
Because of its commercial importance along much of the eastern U.S. coast, extensive 
studies have been conducted of blue crab biology and habitat requirements.  Based on 
studies conducted in Chesapeake Bay, submerged aquatic vegetation (SAV) appears to 
be an essential habitat for juvenile blue crabs (Orth and van Montfrans 1990; Heck and 
Thoman 1984), due to a combination of protection from predation and food availability.  
Tagatz (1968) found juvenile blue crabs in the St. Johns River estuary preferred shallow 
water areas with accumulations of plant detritus or SAV.  Female crabs generally 
matured in the region of the river between Jacksonville and Palatka, while male crabs 
generally moved further upstream and matured in the river upstream of Palatka. 
 
Existing literature was reviewed to determine the salinity and habitat requirements of all 
life stages of the blue crab for purposes of deriving ecologically protective criteria 
against which to assess possible impacts of upstream surface water withdrawals.  
These impacts are likely to affect blue crabs in two ways:  directly (effects of salinity on 
physiology, behavior, or life history attributes) or indirectly via effects on critical habitats 
(especially SAV).  Evaluation of effects on habitats was beyond the scope of this effort, 
but will depend on the results of the Littoral Zone/SAV Assessment Group.  A summary 
of the life history of the blue crab in the St. Johns River is presented in Figure 3-12. 
 
Spawning/Hatching.  Van Den Avyle and Fowler (1984), summarizing other literature, 
indicated that hatching generally requires salinities of 22-28 ppt.  The magnitude and 
timing of water withdrawal should endeavor to not cause excessive disruption of these 
salinities near and offshore of the river mouth between March-October 
 
Larvae.  Development of larval stages (both zoea and megalops) appears to require 
similar salinities as those for hatching (22-28 ppt; Van Den Avyle and Fowler 1984).  
Laboratory studies indicated a salinity range of 20.1-31.1 ppt.  Tagatz (1968) believed 
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Figure 3-12.  Life history summary of the blue crab in the St. Johns River estuary. 
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that most of the metamorphosis of megalops larvae to first crab stage took place near 
the mouth of the river in the Atlantic Ocean.  He opined that some metamorphosis may 
occur in the lower river near the mouth based on collection of megalops larvae in the 
river. 
 
Juveniles.  Tagatz (1968) showed that juvenile blue crab (those beyond the first crab 
stage) enter the lower St. Johns River in ―waves‖, typically beginning in late summer 
and fall, towards the end of the spawning season.  Early crab stages also enter the 
lower river in early winter.  The major juvenile habitat areas in the lower river and 
estuary appear to be shallow shoreline areas upstream of Jacksonville and extending to 
above Palatka.  Salinities in these areas are generally < 5 ppt (ECT 2002) 
 
Adults.  Adult blue crabs are exceptionally euryhaline.  They are found from freshwater 
to full-strength seawater (0-35 ppt).  Their ability to invade far up the St. Johns and 
other Florida rivers (into freshwater areas) appears to be based on the concentrations of 
calcium in the water from groundwater inflow. 
 
Habitat requirements.  Because of the wide salinity tolerances exhibited by most life 
stages of the blue crab, protection of blue crab populations in the St. Johns River 
estuary will depend not necessarily upon maintaining certain salinities, but upon 
providing the right combination of salinity overlapping with bottom habitats (respectively, 
―dynamic habitat‖ and ―stationary habitat‖ – sensu Browder 1991) at the right time.  
Areas of low-salinity (< 15 ppt) associated with the more extensive areas of SAV in the 
lower river and estuary (between river km 40 and 100) are needed in late summer, fall, 
and early winter to support juvenile crab populations.  The salinity requirements of the 
SAV habitat will likely be the limiting factor in determining an upper salinity limit for blue 
crab populations.  Salinities adequate to support V. americana should also be suitable 
to support populations of juvenile blue crab in the lower river and estuary. 
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Another indication of the importance of habitat was the analysis by Orth and van 
Montfrans (1990), who showed that statewide blue crab landings in Gulf of Mexico 
states was a function of total area of tidal marsh and seagrass, with seagrass area in 
Florida appearing to exert a more important role.  This is additional support for the 
premise that protection of critical SAV habitats is a major factor in protection of blue 
crab populations in the St. Johns River estuary.  Multivariate statistical analysis of 
fisheries independent monitoring data of collected in the Suwannee River estuary over a 
four year period (McMichael and Tsou 2003) indicated that habitat (tidal creeks) was an 
important explanatory variable in the annual abundance of juvenile blue crabs. 
 
Penaeid Shrimp 
 
Three species of shrimp in the family Penaeidae occur in the lower St. Johns River and 
estuary:  white shrimp (Litopenaeus setiferus), brown shrimp (Farfantepenaeus 
aztecus), and pink shrimp (Farfantepenaeus duorarum).  Of the three, white shrimp are 
most abundant in this northeast Florida region, and pink shrimp least abundant (Joyce 
1965).  The ecological importance of shrimp in the St. Johns estuary stems from their 
abundance and role as key consumers of plant material and small benthic fauna and as 
important food items in the diets of many estuarine fishes.  Their economic importance 
stems from their value in commercial and recreational fisheries and their importance as 
key food items in the diets of many finfish of high recreational interest in the St. Johns 
estuary (mostly various sciaenids; red and black drum, spotted sea trout, croaker, etc.). 
 
The commercial shrimp fishery in the St. Johns estuary harvests penaeid shrimp both 
for food and for bait for recreational fishing.  There is also a productive recreational 
fishery for shrimp (primarily using cast nets) in the lower St. Johns River during the late 
summer.  The landings from this recreational sector are not quantified in Florida, but 
surveys in other southeastern U.S. states suggests it could be substantial (Muncy 
1984).  Commercial landings of penaeid shrimp for food and bait are summarized in 
Table 3-10 for 2006 (the most recent year for which final landings data are available) for 
Duval County.  It is assumed that the majority (if not all) of the shrimp landings in this 
county are based on populations supported by the St. Johns River. Joyce (1965 – p. 
185) noted that ―. . . the St. Johns River system is probably the most important single 
geographical feature affecting the shrimp populations of the northeast coast of Florida.‖ 
so this assumption appears reasonable.  About 3.3 million pounds of shrimp were 
harvested for food in 2006, with a dockside value of over $6.5 million. White shrimp 
accounted for 85% of the total food shrimp landings (Table 3-10). Again, it is likely that 
most of this harvest was dependant upon the inflow of freshwater and nutrients from the 
St. Johns River. 
 
Life history summary.  Because pink shrimp are a minor component of the penaeid 
shrimp community and fishery in the northeast Florida/St. Johns River region, 
discussion will focus mainly on the biology of white and brown shrimp, the two dominant 
taxa.  A summary of the life history of these two taxa is shown in Figure 3-13. 
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Table 3-10.  Penaeid shrimp landings in 2006 in Duval County.  Source:  Fish and 
Wildlife Research Institute, Florida Fish and Wildlife Conservation Commission. 
 

SHRIMP 2006 LANDINGS (lbs) DOCKSIDE VALUE 

White shrimp 2,820,635 $5,584,857 

Brown shrimp 471,381 $933,334 

Pink shrimp 11,258 $22,291 

TOTAL FOOD SHRIMP 3,303,274 $6,540,482 

TOTAL BAIT SHRIMP ** 23,331 $93,557 

** - bait shrimp are reported collectively, not broken out by species 
 
 
 
 
 
 
Figure 3-13.  Life history summary diagram of white (Litopenaeus setiferus) and brown 
shrimp (Farfantepenaeus aztecus) in the St. Johns River estuary. 
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Spawning.  Spawning of all three penaeid species occurs in offshore waters (Joyce 
1965; Turner and Brody 1983).  Off the south Atlantic U.S. coast, white shrimp appear 
to spawn between April-October (Muncy 1984), while brown shrimp spawn in spring  
through summer (Turner and Brody 1983).  No data on salinity was reported, but 
because it is in offshore waters, salinities are probably > 30 ppt. 
 
Larvae.  White shrimp appear to spend about 10 days (or more) in all larval phases 
(nauplius, protozoea, mysis) and an additional 10-25 days as postlarvae (Muncy 1984; 
Turner and Brody 1983).  Brown shrimp appear to spend 10-25 days as larvae and an 
additional 10-20 days as postlarvae (Lassuy 1983; Turner and Brody 1983).  Postlarvae 
of both white and brown shrimp are the life stage that recruits to inshore estuarine areas 
and moves up-river.  Under conditions of optimal temperature and food supply, it 
appears that within 4-6 weeks of hatching both species of shrimp are able to progress 
through all larval and postlarval phases and become juveniles (Turner and Brody 1983).   
 
Juveniles.  Juveniles of white shrimp in the lower St. Johns River appear in early 
summer.  They appear to recruit to the estuary as postlarvae, then move upstream to 
lower-salinity nursery areas (Joyce 1965; Pérez-Farfante 1969).  Salinities < 10 ppt 
appear to be preferred, and it is known that white shrimp typically penetrate much 
further upriver than brown shrimp (Pérez-Farfante 1969; Williams 1984). Juveniles of 
brown shrimp begin to recruit in the spring (April/May) and recruitment occurs 
throughout the summer (Pérez-Farfante 1969; Williams 1984). 
 
Adults.  Browder (1985) showed that pink shrimp production in the Tortugas shrimping 
areas off southwest Florida was strongly associated with freshwater inflow from the 
Everglades, with higher shrimp landings (as catch per unit effort) associated with higher 
water levels in the Everglades (and hence, higher freshwater inflows to estuaries of 
Florida Bay). Williams (1984), summarizing other studies, noted the same phenomenon 
for white shrimp in the Gulf of Mexico.  Turner (1977) showed that worldwide yields (as 
commercial landings) of penaeid shrimp was positively related to the area of intertidal 
vegetation, and that these relationships were also evident in the Gulf of Mexico. 
 
Habitat requirements.  All penaeid shrimp require lower-salinity, estuarine habitats as 
nursery areas for juveniles.  White shrimp are able to penetrate furthest upriver (Joyce 
1965; Turner and Brody 1983) and use shallow water areas and submerged aquatic 
vegetation (SAV) as habitat.  Joyce (1965) collected white shrimp juveniles as far 
upriver as Palatka, which is an area heavily fished by recreational anglers. Key 
vegetative habitats for white shrimp appear to be the beds of low-salinity SAV vegetated 
with Vallisneria americana and intertidal littoral areas vegetated with emergent marsh.  
Brown shrimp juveniles were generally more abundant in the St. Johns River estuary up 
to river km 60 (Joyce 1965).  They appear to prefer salt marshes vegetated with smooth 
cordgrass, Spartina alterniflora (Zimmerman et al. 1982; Minello and Zimmerman 1982).  
Both white and brown shrimp appear to prefer more muddy/silty bottom substrata, which 
appears to be optimal for their food and feeding preferences (Williams 1958; Lassuy 
1983; Muncy 1984). 
 



 

38 
 

Both white and brown shrimp have broad salinity tolerances, and thus they probably do 
not respond to salinity per se, but to the right combination of salinity, vegetated habitat 
and bottom type, all at the right time of the year.  This agrees with Browder‘s (1991) 
conceptualization of fish and shellfish production in estuaries as being dependant upon 
the right combination of ―dynamic habitat‖ (areas of low, variable salinity created by 
freshwater inflow) and ―stationary habitat‖ (structure provided by tidal marshes, 
submerged vegetation beds, oyster reefs, etc.).  Protection and maintenance of shrimp 
populations in the St. Johns River estuary (especially white shrimp) may be most 
accomplished by protecting the important vegetative habitats they depend upon (low 
salinity marshes and SAV beds); the dominant plants of which appear to have more 
restrictive salinity requirements than the shrimp themselves. 
 
The results of Turner‘s (1977) analysis indicates that protection of preferred habitats 
(primarily intertidal marshes for brown shrimp) will be a major factor in the protection of 
penaeid shrimp populations in the St. Johns River estuary.  McMichael and Tsou (2003) 
found that tidal creek habitat was an important explanatory variable in annual 
abundance of juvenile pink shrimp in fisheries independent monitoring data from the 
Suwannee estuary.  Tidal creeks are regarded as a crucial component of the intertidal 
marsh habitat for natant fishes and invertebrates in Gulf Coast salt marshes (Montague 
and Wiegert 1990); this probably holds for Atlantic Coast marshes as well. 
 
Overall Summary and Conclusions 
 
Freshwater Benthos 
 
Based on research on two large rivers in south Florida, the Kissimmee and the 
Caloosahatchee, aquatic vascular plant beds and LWD were the key habitats for 
macroinvertebrates in those two ecosystems (Merritt et al. 1996, 2002). It is most 
reasonable to assume that these two habitat types will also be the dominant locations to 
monitor the status of macroinvertebrates in the St Johns River in order to track their 
communities before and after changes resulting from additional water withdrawals from 
the St. Johns River. The areas covered by these two habitats relative to the wetted 
perimeter of the river should be evaluated in order to obtain the larger system-wide 
coverage that will be necessary for the analysis of potential habitat losses. It will be 
essential to employ GIS technology in the analysis of the coverage to produce layers of 
water level, aquatic vascular plants, LWD, and shoreline exposure that can be 
compared through time. The critical seasons for analysis of habitat coverage should be 
identified on the basis of the vulnerability of the macroinvertebrate communities to 
stranding. For example, all those holometabolous macroinvertebrates that lay eggs or 
pupate in emergent vegetation stands and on LWD would be vulnerable to changes in 
the frequency of flooding or dewatering events caused by water level drawdown in the 
seasons when these life stages occur. As a monitoring strategy, various 
macroinvertebrate ratios of functional characteristics could serve as surrogates for river 
ecosystem attributes that will be affected by water withdrawal draw downs of river 
levels. Some suggestions are shown in Table 3-2. This approach allows an extension of 
the typical taxonomic methods of macroinvertebrate monitoring by combining taxonomic 
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groups on the basis of their similarities in expected responses to changes in water 
levels. The functional approach does not eliminate purely taxonomic analysis, for 
example macroinvertebrate responses to changes in flow as summarized in Appendix 
3.2 or to changes in salinity as summarized in Appendix 3.3. Because truly quantitative 
sampling is difficult in large, non-wadable rivers, the use of timed semi-quantitative 
sampling is recommended. Data collected in functional categories (examples of data 
collection summaries are given in Tables 3-11 and 3-12) and expressed as ratios (e.g., 
Table 3-2), can be used to evaluate thresholds of response by the macroinvertebrate 
communities. The ratios are dimensionless and therefore relatively independent of 
sample size and the averages of calculated replicate ratios can be associated with 
variance terms. Clearly, a wide range of tools will need to be applied in order to 
adequately characterize and monitor the effects of water withdrawal from the St Johns 
River on macroinvertebrate communities. But to be successful in this goal of 
determining and predicting the effects on the macroinvertebrates, broad-scale, basin-
wide coverage will be essential (remote sensing and GIS), critical habitats need to be 
identified and linked to the associated macroinvertebrate communities and their 
attributes, and the taxonomic composition and functional organization of those 
communities determined. In particular, establishing threshold responses at the 
functional level in the macroinvertebrate communities can be used as the benchmarks 
for a monitoring program to continuously evaluate the effects of water withdrawal. 
 
Estuarine Benthos 
 
Studies from around the United States, and even around the world, have shown that 
benthic organisms are useful in environmental monitoring and assessment studies.  
This is true for contaminants, dredging, and inflow studies.  The review presented here 
shows that benthos are particularly useful for identifying salinity ranges that are required 
by a biological resource, and then it is a simple matter to ask hydrologists: which flow  
regimes will provide that salinity range, for what durations, in what places?  The studies 
in Matagorda Bay, Texas show how this linkage of physical and biological models can 
occur.  It is also possible to separate effects on the benthic community by other 
stressors (such as sediment characteristics, low DO, contaminants, habitat structure, 
etc.) from inflow effects by simply running multivariate analyses on the physical-
chemical data and correlating the new reduced variables with benthic characteristics. 
 
Unfortunately, there is very little benthic data for the St. Johns River Estuary, and the 
existing data comes from a very narrow salinity range, compared to the dynamic range 
that actually exists (Figure 3-11).  Clearly, the District would benefit by implementing a 
more comprehensive benthic analysis and monitoring program.  However, it is a lot 
easier and more purposeful to have an a priori experimental design than a post hoc 
one.  An a priori experimental design allows a researcher to specifically choose the 
locations and frequency of sampling so that specific questions related to changes in 
freshwater inflow can be answered.  An a priori sampling design also allows more useful 
and important information to be collected than an ad hoc design.   
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Table 3-11.  An example templet for data collection on macroinvertebrate functional groups potentially affected by water 

withdrawal from the St. Johns River (before and after water withdrawal management) 

Dry Season 

Filtering 

Collectors 

Gathering 

Collectors 

Scrapers Shredders 

     Detritivores                Herbivores 

Predators Air Breathers 

Before After Before After Before After Before After Before After Before After Before After 

              

              

              

              

 

Wet Season 

Filtering 

Collectors 

Gathering 

Collectors 

Scrapers Shredders 

     Detritivores                Herbivores 

Predators Air Breathers 

Before After Before After Before After Before After Before After Before After Before After 
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Table 3-12.  An example templet for data collection on macroinvertebrate community characteristics potentially affected 
by water withdrawal from the St. Johns River (before and after water withdrawal management) 
 

Dry Season 

Macroinvertebrate  Communities (numbers or biomass/30 sec. D-frame net sample) 

Holometabolous Hemimetabolous Mollusca
 

Polyvoltine Univoltine Semivoltine
 

Pupae and 

Prepupae 

Adults 

(sweep net) 

Before After Before After Before After Before After Before After Before After Before After Before After 

                

                

                

 

Wet Season 

Macroinvertebrate  Communities (numbers or biomass/30 sec. D-frame net sample) 

Holometabolous Hemimetabolous Mollusca
 

Polyvoltine Univoltine Semivoltine
 

Pupae and 

Prepupae 

Adults 

(sweep net) 

Before After Before After Before After Before After Before After Before After Before After Before After 
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It would be optimal to sample macrofauna throughout the length of the St. Johns 
Estuary and to sample at fixed time intervals simultaneously all stations.  It is also 
necessary to sample ancillary chemical and geological variables at the same time.  This 
is called synoptic sampling.  It is important if the goal is to relate benthic response to 
flow and salinity change.  The suite of water quality variables collected in the SAV study 
such as nutrients, color, TSS, is appropriate, but should also be sampled at all fixed 
time intervals, and also concurrently with any macrofauna sampling.  Collecting a range 
of water quality variables is important because a change in freshwater inflow does not 
solely change salinity and also because multiple stressor effects on macrofaunal 
communities can only be separated with the full suite of parameters for every sampling 
event.  A long-term monitoring program of water quality and macrofauna communities 
will allow researchers to not only determine the overall relationships between 
macrofauna communities and salinity, but to determine short-term changes in 
macrofaunal communities as a result of short term-changes in freshwater inflows.  To 
make a long-term monitoring program successful, other variables that interfere with a 
direct freshwater inflow-macrofauna relationship need to be sampled also. 
 
Sediment grain size and sediment nutrient data are also useful because the sediment 
quality can affect macrofaunal community structure.  There were some sediment quality 
data provided with the SAV data set, however the stations were not sampled more than 
once.  Sediment quality needs to be sampled periodically, perhaps at a lower frequency 
(perhaps annually) than macrofauna and water quality because it is generally less 
dynamic over time.  Background pollutant data such as that already collected by the 
EPA EMAP and REMAP programs and the NOAA Mussel Watch and Status and 
Trends programs will also be useful in teasing out freshwater inflow effects from the 
other effects that impact macrofauna communities.  These data sets likely already exist 
and can be combined with the data set analyzed here so that a re-analysis can be 
performed to try and get an initial look at the role of multiple stressors in the lower St. 
Johns River Estuary.In addition to monitoring macrofaunal communities and their 
physical stressors, it may be useful to investigate specific trophic linkages that 
planktonic and benthic communities have with commercially and recreationally 
important species such as shrimps, crabs, fishes and oysters.   
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Appendix 3.1.  Summary table of impacts of hydrologic alterations on benthic 
macroinvertebrate communities. 
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Appendix 3.1 - Table 1. Summary of environmental criteria and hydrologic correlates. 
 
Sort Group Effect Likelihood Significance Env Criterion Env Threshold Hydrologic Linkage Hydrol 

Criterion 
Hydrol 

Threshold 

1 Benthic  Macro-
invertebrates; 
freshwater 

Change in community 
structure (taxa richness, 
diversity, eveness, other 
metrics) 

Moderate High Community metrics (taxa 
richness, diversity, etc.) 

Will vary 
depending 
upon metric 

Water flow (lotic) or level 
(lacustrine, wetland) 

Flow or level 
(M/F/D) 

 

2 Benthic  Macro-
invertebrates; 
freshwater 

Change in biomass or 
productivity 

Moderate High Biomass (as g/m2 dry wt) 
or productivity (rate of 
biomass production) 

 Water flow (lotic) or level 
(lacustrine, wetland) 

Flow or level 
(M/F/D) 

 

3 Benthic  Macro-
invertebrates; 
freshwater 

Change in trophic  func-
tional characteristics 
(feeding guilds) 

High High Absolute and relative 
abundance of FFGs 

See Table 3-2 
in the report 

Water flow (lotic) or level 
(lacustrine, wetland) 

Flow or level 
(M/F/D) 

 

4 Benthic  Macro-
invertebrates; 
freshwater 

Changes in populations of 
dominant or key indicator 
taxa (abundance – absolute 
or relative) 

High High Species abundance (# per 
sq. meter or % of 
abundance) 

 Water flow (lotic) or level 
(lacustrine, wetland) 

Flow or level 
(M/F/D) 

 

5 Benthic  Macro-
invertebrates; 
freshwater 

Changes in populations of 
“high priority” taxa (Listed, 
commercial or recreational 
importance, etc.) 

High High Population abundance or 
other indicators (catch 
per unit effort, etc.) 

 Water flow (lotic) or level 
(lacustrine, wetland) 

Flow or level 
(M/F/D) 

 

6 Benthic  Macro-
invertebrates; 
estuarine 

Upstream shift in the 
transition zone between 
dominantly freshwater and 
estuarine benthos 

High Moderate Geographic location of 
transition zone 

 Salinity – relationships to river 
flows (seasonally) 

Flow  

7 Benthic  Macro-
invertebrates; 
estuarine 

Change in community 
structure (taxa richness, 
diversity, eveness, other 
metrics) 

Moderate High Community metrics (taxa 
richness, diversity, etc.) 

Will vary 
depending 
upon metric 

Salinity – relationships to river 
flows (seasonally) 

Flow  

8 Benthic  Macro-
invertebrates; 
estuarine 

Change in biomass or 
productivity 

Moderate High Biomass (as g/m2 dry wt) 
or productivity (rate of 
biomass production) 

 Salinity – relationships to river 
flows (seasonally) 

Flow  
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Sort Group Effect Likelihood Significance Env Criterion Env Threshold Hydrologic Linkage Hydrol 
Criterion 

Hydrol 
Threshold 

9 Benthic  Macro-
invertebrates; 
estuarine 

Changes in populations of 
dominant or key indicator 
taxa (abundance – absolute 
or relative) 

Moderate High Absolute and/or  relative 
abundance of indicator  
taxa or taxa groups 
(mollusks, crustaceans) 

 Salinity – linked to “optimum” 
for taxa of interest 

Flow  

10 Benthic  Macro-
invertebrates; 
estuarine 

Changes in populations of 
“high priority” taxa (Listed, 
commercial or recreational 
importance, etc.) 

High High Population abundance or 
other indicators (catch 
per unit effort, etc.) 

 Salinity – linked to “optimum” 
(range or other statistic) for 
taxa of interest; need to 
consider seasonality (i.e., what 
they need, when) 

Flow  

 
 
Footnote 1. Column heading definitions: TBD 
 
Notes 
 

1. M/F/D = magnitude/frequency/duration.  One or more may be important in determining hydrologic thresholds; magnitude is the flow or water level statistic; frequency is the 
return interval; duration is the continuous length of time the condition occurs. 

2. Salinity statistic or threshold may be important for a particular season of the year, considering life history characteristics of key or dominant taxa. 
3. Assumption: No pre-treatment of RO to remove TSS or nutrients 

 
For discussion 

1. How detailed taxonomic analyses do we need of benthic macroinvertebrate communities (issues with multiple contractors, taxonomists, etc. in existing data)?  What do 
we have to do to ―lump‖ categories to overcome inconsistencies? 

2. Need to consider use alternate methods to compensate (FFGs).  Consider ―muli-level‖ approach, look at community metrics, key population metrics, FFG characteristic. 
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Appendix 3.2.  Summary and review of relevant literature of effects of flow changes on 
freshwater benthic macroinvertebrate communities. 
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Appendix 3.2. Summary of flow studies on macroinvertebrates, indicating 
relevance to the St Johns River, and summaries and listing of most relevant 
references. 
 
By K. W. Cummins and R. W. Merritt 
 
NOTES ON SPECIFIC FLOW PAPERS 
 
Burgess and Franz  (1978)—This paper details the origin of St. Johns River fauna, 
however there is no discussion of environmental impacts due to flow reductions.  This 
paper‘s information should be used to develop native or endemic species metrics for 
tracking changes in biotic condition for the SJR. 
 
Larned et al. (2007)—This paper details the results of a study conducted in New 
Zealand on changes in faunal assemblages based on days of inundation (along a # dry 
days gradient).  This question is not directly related to the SJR, but the methods in this 
paper could be used to study floodplain biotic condition based on changes in inundation 
from lateral reduction in stream size due to flow reductions. 
 
Merritt et al. (2002)—This paper is a good source for invertebrate community changes 
along gradients of abiotic factors impacted by flow (i.e., DO), but it doesn‘t directly 
address relationships to flow changes. 
 
Merritt et al. (1996), Cummins et al. (1999), Cummins and Merritt (2001).  —These 
papers are a good source for guidance in developing conceptual models for changes in 
the SJR invertebrate community with flow reductions, but it doesn‘t directly address 
relationships to flow changes alone (i.e., the Kissimmee River had been dammed, diked 
and channelized as well). 
 
Merritt et al. (1999) —This paper compares seasonal differences in invertebrate 
functional feeding groups in the Kissimmee River.  Again, this paper does not directly 
address flow reduction responses for predictions in the SJR, but it may be a useful 
source for including seasonal differences in SJR studies. 
 
Doisy and Rabeni (2001)—Although this paper compares longitudinal changes in 
invertebrate assemblages, and not direct flow reductions, flow was evaluated as a 
driving factor.  They found longitudinal position was an important organizing factor, but 
the sites were also organized by flow (determined by wet or dry season).  This paper 
again supports the importance of flow in a natural hydrograph for maintaining healthy 
streams. 
 
Dawes et al. (2004)—This paper relates stream flow, vegetated cover, and salt loads 
from arid Australia.  This system is not that comparable to the SJR or South Florida.  
This paper focuses primarily on modeling the relationships between salinity and flow in 
various catchments and experiments.  
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Hart and Finelli (1999) —This paper generalizes flow effects on benthic organisms, but 
does not discuss specific flow changes, streams, or taxa.  Flow is identified as the key 
driver of stream community characteristics.  Changes in benthic communities 
associated with reductions in flow include: 

 Dispersal problems for drifters 

 Stream community composition 

 Resource (food and space) limitations leading to increased biological interactions 

 Changes in primary production growth form 
 

 
Pertinent References Cited on the Effects of Flow Regime on Macroinvertebrates  
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APPENDIX 1

River Order

St. 

Johns 

Match? Depth cm Discharge 

Width 

m Flow m/s Temp (C ) DO Density richness

taxa most 

affected refs notes

1 no 10.4 1 0.35 < 1 declined declined

4.3 0.7 0.5

0.2 0.6 0.15

Selwy n Riv er, 

New Zealand 

Stream

no
Larned et al. 

2007 Paper cov ers impacts of  dry ing on 

stream taxa and biotic condition

Caloosahatchee >5th y es
Merritt et al. 

2002
Comparison of  remnant oxbows 

along a DO gradient

Kissimmee >5th y es

Merritt et al. 

(1996), 

Cummins 

et.(1999), 

Cummins and 

Merritt (2001)

Addresses conceptual model of  

stream community  and f unctional 

responses to riv er restoration 

activ ities

Jacks Fork Riv er, 

Missouri
3 to 5 ok

Doisy  and 

Rabeni 2001

Addressed longitudinal changes in 

phy iscal and biological stream 

attributes in a pristine, low gradient, 

mid-western stream.

Suwanne Riv er 

Estuary

ok (f ocus 

on 

estuary )

7 degree 

change 

(seasonally )

maximized 

during warm-

wet season 

(v aried 

across y rs)

maximized 

during warm-

wet season 

(max. change 

in spp was 

~60 taxa)

Tsou and 

Matheson 

2002

Focus of  this study  was on the 

nekton community  of  the Suwannee 

estuary  across seasons and y ears.  

Found strong association with 

seasonal temperatures and riv er 

f low with nekton community  

characteristics within y ears, but not 

across y ears.  Good baseline study  

to use f or comparisons with f uture 

changes.

stream summary

50 to 75 cm 

most suitable 

depth f or EPT; 

depth pref . are 

v ariable; 22-35 

cm max. 

div ersity  in low 

gradient streams

10 to 35 cm/s most 

suitable v elocity  f or 

EPT; 25-30 cm/s 

max. div ersity  in low 

gradient streams; 

<10 cm/s is poor 

habitat f or 

macroinv ertebrates

mussels are 

v ery   ef f ected 

by  hy draulic 

changes, and 

more research 

is needed on 

f low alterations 

and mussel 

response

Summarizes macroinv ertebrate 

instream f low studies; f ound 

macroinv ertebrate habitat suitablity  

models f it low order streams best 

stream summary
generally  

only

Hart and 

Finelli 1999
This paper summarizes general 

patterns in phy sical and biological 

relationships in streams.

stream summary
generally  

only
declines declines declines decline

tends to 

increase

no 

observ ed 

ef f ect

both 

increases and 

decreases 

reported

tend to 

decrease or 

show no 

observ able 

change

Dewson et al. 

2007
This paper summarizes literature on 

impacts of  f low reductions.

Small New 

Zealand 

Tributaries (3)

Change in Changes in Invertebrate Community

EPT and  

May f ly  grazers 

declined
Only  qualitativ e changes in 

inv ertebrates are discussed

Dewson et al. 

2007



 

 

 

 

 

 

 

 

 

 

 

Appendix 3.3.  Review of the effects of salinity on aquatic insects and other freshwater 
macroinvertebrates. 

  



 

 

Appendix 3.3 
 
A review of freshwater macroinvertebrate tolerances to varying levels of salinity  

 
Prepared by R. W. Merritt and K. W. Cummins 
 
 

 
 
I.  Freshwater aquatic insects and salinity sensitivity 
 
Certain aquatic insects are known to be salinity sensitive and useful indicators of salinity 
impacts, but the majority of macroinvertebrates exhibit a wide variation in salinity 
tolerances (Table 1). From a CSIRO technical report (Kefford et al. 2003), Australian 
insects from the orders Plecoptera, Ephemeroptera, Hemiptera, and Isoptera 
demonstrated low salinity tolerances (2,000-10,000 mg/L), but other orders of 
macroinvertebrates had low and high salinity tolerances, making it difficult to make 
generalizations regarding salinity tolerances across taxa. Hart et al. (1991) found that 
Australian invertebrates showed adverse responses to increased salinity >1,000 mg/L 
(~ 1.5 mS/cm) and Ephemeroptera, Plecoptera, Trichoptera, and Odonata (EPTO) were 
sensitive even to minor increases in salinity, but other authors have observed adverse 
effects to fauna well below this level (Table 1).  
 
The abundances of Ephemeroptera and gastropods were reduced at salt concentrations 
of 1,500 mg/L of continuous and pulsed saline water (Marshall and Bailey, 2004). 
James et al. (2003) observed that the majority of biota experienced adverse effects at 
concentrations of 3,000 µS/cm (~2.040 mg/L) in Australian streams. Contrary to 
Ephemeroptera being a sensitive taxa, Chadwick et al. (2001) found that certain 
mayflies in an Alabama stream were tolerant to increases in salinity and could withstand 
the stress of this increase, even growing at similar rates as mayflies in freshwater.  
  
Based on literature reviews of macroinvertebrate taxa dose response to salinity, genera 
(and species) within the same family have different sensitivity to salinity making it 
difficult to relate salinity tolerances to broad taxonomic levels (Table 1). Other salinity 
studies support this observation when examining entire macroinvertebrate communities 
(Baily & James 2000, Clunie et al. 2002, Dunlop 2008, Kefford 2003,). Thus, tolerances 
to salinity and the concentrations at which adverse responses are observed are 
species-specific and dependent on the physiological and behavioral responses tested.    
 
It is not clear whether Australian salinity tolerance studies provide adequate information 
as to what may occur with aquatic invertebrates in Florida streams, as there is a need to 
study a broader range of invertebrates to predict impacts of salinization on freshwater 
biota. Also, Australian invertebrate populations may have been exposed to elevated 
salinity concentrations for lengthy periods of time, thus having evolved greater tolerance 
to salinity compared to Florida populations.  
 



 

 

II.  Tolerance to salinity 
 
Tolerance to salinity and its impact on organisms is determined by dosage, duration and 
frequency of exposure to the treatment as well as physiological, biological, and 
evolutionary mechanisms. There is high variability of salinity tolerance ranges among 
macroinvertebrates in different orders and within families, even genera (Table 1). Hart 
et al. (1991) attributed this variation to the internal ionic concentration of invertebrates 
as most freshwater macroinvertebrates have internal ionic concentrations between 
1,000 and 15,000 mg/L. Soft bodied taxa did not appear to be more prone to salinity 
toxicity than taxa with exoskeletons, as both groups exhibited both low and high 
tolerances to salinity (James et al. 2003).   
 
III.  Salinity impacts on different life stages of insects 
 
Research is limited as to how salinity affects the different life stages of aquatic insects. 
Older life stages appeared to be more tolerant (mean LC50 31,000 µS/cm [~21,088 
mg/L]) than the younger stages of invertebrates in an Australian stream (Kefford et al. 
2003). Salinity tolerance of gastropod and mite eggs were less than their dominant life-
stage lethal salinity tolerance according to an acute salinity study by Kefford et al. 
(2007). Conversely, some insects do have similar tolerances to salinity regardless of life 
stage. Chironomus sp. eggs and hatchings had salinity tolerances similar to their acute 
tolerance of the dipteran life stages (Kefford et al. 2007). Two species of atyid shrimp 
hatchings and adults also were found to have similar salinity tolerances (Kefford et al. 
2004).   
 
Kefford et al. (2004) looked at salinity tolerance among life stages of freshwater 
macroinvertebrates, crustaceans, and gastropods.  Differences in salinity tolerance 
between younger vs. dominant life stage of macroinvertebrates was of a greater 
magnitude than that of freshwater macrocrustaceans. In gastropods, the differences in 
tolerance between eggs and adults was intermediate between macroinvertebrates and 
crustaceans. Yet in a 2007 study by Kefford et al., gastropod sensitivity to salinity 
between younger and older life stages overlapped with the range of macroinvertebrate 
sensitivity. 
 
IV.  Other stressors from salinity 
 
When salinity concentrations increase at a slow rate, some biota can tolerate salinity 
changes. Yet this increase may cost the organism additional energy input and long term 
viability (James et al. 2003). Although concentrations of salinity may not affect the 
mortality of macroinvertebrates, the salt can affect feeding and movements as observed 
in studies by Blasius and Merritt (2002) and Benbow et al. (2004). 
 
V.  Problems with salt studies 
 
Field vs. Laboratory.  Salinity dose response limits for specific macroinvertebrate taxa 
have been determined in both the laboratory and field setting. Yet much of the research 



 

 

on salinity tolerance of macroinvertebrates to marine salts have been based on 
laboratory observations, which raises the question of how relatable those results are to 
invertebrates in the natural environment. Kefford et al. (2004) found that acute 
laboratory salinity tolerances were related to maximum salinity environments where 
insects occurred in nature. However, laboratory experiments tend to create potential 
stressors induced by collection of specimens, holdings, and feeding, thus potentially 
affecting the results of laboratory salinity studies. 
 
Mortality with salt ions.  Warne et al. (2004) concluded that toxicity of aquatic insects 
differed for CaCl2, MgSO4, MgCl2, and CaSO4 from artificial sea salt, which is dominated 
by NaCl, creating potential inadequacies in determining general thresholds of salinity on 
macroinvertebrates. Other studies (Zalizniak et al. 2006) have found that there were no 
differences between the responses of freshwater invertebrates exposed to various ionic 
compositions and commercial sea salt in acute (96 hr) toxicity tests. However in sub-
lethal prolonged tests invertebrates did respond differently to ionic compositions, 
specifically those lacking calcium, indicating ionic proportions are important when 
investigating sub-lethal salinity effects on aquatic insects.  
 
Acute vs. Chronic toxicity and Direct vs. Indirect factors.  The majority of salinity studies 
on freshwater invertebrates are acute and only study the direct effects of salts on 
organisms. Long-term and indirect effects of salinization are poorly understood. Hasell 
et al. (2006) studied sub-lethal and chronic effects of salinity on freshwater 
macroinvertebrates since environmental increases can be slow and over a long period 
of time. Such studies help to reveal the possible effects chronic salinization has on 
growth and reproduction of aquatic insects, especially if salinity of inland waters 
increase minimally over time.  
 
When taking into account direct vs. indirect effects of salinity on freshwater biota, 
Kefford et al. (1998) noted an increase in salinity was associated with increased nutrient 
and suspended solids. Saline water affects (or is associated with) other water quality 
variables (i.e., total phosphate, nitrates, suspended solids) which in turn may impact the 
abundance of macroinvertebrate taxa and the structure of macroinvertebrate 
communities (Kefford and Robley, 1996). Thus, determining a cause-effect relationship 
between saline water and changes in the macroinvertebrate communities in the field is 
often difficult due to the confounding effects of changes in other physical and chemical 
properties of the aquatic environment. Studies have also reported relationships between 
temperature and salinity tolerance for macroinvertebrates (Nelson et al. 1977, Chadwick 
et al. 2001). 
 
VI.  Salinity based on spatial habitat and flow 
 
Habitat.  Horrigan et al. (2005) saw a significant shift from communities with a high 
proportion of salinity sensitive taxa to communities of more tolerant individuals at levels 
of 544 and 680 mg/L (800-1000 µS/cm) in edge habitats but lower observations of this 
shift were noted at levels of 440 mg/L (300 µS/cm) in riffle habitats. 
 



 

 

Other spatial studies have looked at how macroinvertebrate bioassessment indices are 
to be used depending on what type of stream is being investigated. Metzeling et al. 
(2006) concluded that if salinity was of concern in lowland streams, then Crustacea + 
Mollusca indices would be the most sensitive indicator, with little difference between 
species and family level data. If salinity is the issue of concern in foothill streams, then 
riffles only need to be assessed and %EPT species should be used as the best 
indicator. 
 
Flow.  Dynamics of flow and rainfall affect salinity concentrations within waterbodies and 
thus can mediate the impact of salinity on biological communities. Flow regimes 
influence the concentration of salinity at different exposure times and thus produce 
biological impacts. Low flow conditions may increase salinity concentrations due to 
evaporation exceeding rainfall events. With high flow conditions, decreases in salinity 
can occur if rainfall events exceed evaporation (Dawes et al. 2004). 
 
VII.  Sampling Method 
 
The use of artificial substrate was concluded to be a useful method for assessing 
biological changes in river quality in France due to increases in salinity, especially when 
Surber sampling could not be performed. (Piscart et al. 2006) 
 
VIII.  Pulsed studies 
 
Sparse information is available regarding the effects of pulsed increases in salinity on 
the macroinvertebrate community. Marshall et al. (2004) concluded that delivering short 
pulses of high salt concentrations was more detrimental to invertebrates than salt loads 
at low concentrations over a longer period of time.  
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Table Appendix 3.3. 

Compilation of studies investigating effects of salinity on freshwater macroinvertebrates.  (See Dunlop et al. 2008 for a 

compilation of 102 macroinvertebrate acute salinity tolerance levels in Australia). 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

Overall 

invertebrate 

community  

NA some drift activity observed 

in field 

>1000 mg/l NaCl Crowther and Hynes 1977 

 NA most invertebrates 

unaffected @ 24h, 96h 

10,000 mg/l NaCl Blasius & Merritt 2002 

 NA possible critical threshold in 

Australia  

1000 mg TDS/l  Hart et al. 1991 

 NA richness decreased with 

increased salinity in river 

10,000 mg 

TDS/L 

naturally 

saline 

Short et al. 1991 

 NA no relationship between 

salinity and richness, 

abundance 

TDS from 51 to 

1100 mg/l 

naturally 

saline 

Metzeling 1993 

 NA majority of invertebrates 

showed adverse effects 

3,000 uScm-

1=(2,040 mg/L) 

 James et al. 2003 

 NA diversity decreased rapidly 

as salinity increased to 

10gL-1 but changed more 

slowly thereafter in lakes 

10,000 mg/L  Williams et al. 1990 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 NA community structure from 

salt-sensitive to salt tolerant 

taxa observed at salinities 

between 0.8-1.0 mScm-1 in 

Australian streams 

0.8-1.0 mScm-1  Horrigan et al. 2005 

 Scraper and 

predator FFG 

significantly reduced @ 

1500 mg/L with release 

schedule 

1,500 mg/L  Marshall et al. 2004 

 Collector-

gatherers 

unaffected by salinity on 

released schedule  

  Marshall et al. 2004 

 NA diversity unaffected by 

salinity on released 

schedule 

  Marshall et al. 2004 

Diptera      

 Diptera wide spread tolerance 

between 5 to >50 gL-1 in 

Australia 

5000 to > 50,000 

mg/L 

 Rutherford et al. 2005 

 Aedes aegypti decrease in pupal mass 

with increasing salinity 

  Clark 2004 

 Aedes aegypti decrease in growth rates 

with increasing salinity 

  Clark 2004 

      

      



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Aedes aegypti duration of larval stage 

increases with high salinity 

(U shaped pattern)  

  Clark 2004 

 Chaoborus 

americanus 

no significant mortality 

under all tested conditions 

96h 

1,000-10,000 

mg/l 

NaCl Benbow et al. 2004 

 Chironomidae LC50 @ 72 hr with 

Australian fauna 

10,000 uS cm-1  

= (6,802 mg/L) 

marine salts Kefford et al. 2003 

 Chironomus 

attenatus 

100% Mortality for 12h  9,995 mg/l NaCl Thornton and Sauer 1972 

 Chironomus growth rates reduced with 

increasing salinity between 

10-15 mS/cm 

  Hassell et al. 2006 

 Chironomus  salinity affected mean # of 

emerging as adults as well 

as time to emergence 

20 mS/cm  Hassell et al. 2006 

  No emergence occurred @ 

20 mS/cm 

   

 Cricotopus 

trifascia 

100% Mortality for 48h  8,865 mg/l NaCl Hamilton et al. 1975 

 Cricotopus 

trifascia 

100% Mortality for 48h  4,896 mg/l KCl Hamilton et al. 1975 

      



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Tipulidae no significant mortality for 

96h 

1,000-10,000 

mg/l 

NaCl Blasius & Merritt 2002 

 Simuliidae no mortality @ 96h 10,000 mg/l NaCl Blasius & Merritt 2002 

      

Odonata      

 Odonata majority in field found below 

10-15 gL-1 in Australia 

10,000-15,000 

mg/L 

 Rutherford et al. 2005 

 Odonata 1 sp found at 30 gL-1 30,000 mg/L  Rutherford et al. 2005 

 Austrolestes 

annulosus 

found in field in Australia 27,500 mg/L  Rutherford et al. 2005 

 Austrolestes 

annulosus 

found in field in Australia 45,700 mg/L  Pinder et al. 2005 

 Hemianax 

papuensis 

found in field in Australia 10,700 mg/L  Rutherford et al. 2005 

 Hemianax 

papuensis 

found in field in Australia 26,000 mg/L  Pinder et al. 2005 

 

 Ischnura 

heterosticta 

growth and development 

faster in 5-20 mS/cm than 

0.1-1mS/cm 

5-20 mS/cm  Kefford et al. 2006 

      



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Ischnura 

heterosticta 

100% mortality @ 35 

mS/cm 

35 mS/cm  Kefford et al. 2006 

Hemiptera      

 Micronecta annae LC50 @ 72h with Australian 

fauna 

17000 uScm-1= 

(11,564 mg/L) 

marine salts Kefford et al. 2003 

 Micronecta annae found in field in Australia 10,900 mg/L  Rutherford et al. 2005 

 Micronecta annae LC50 @ 90h with Australian 

fauna 

13,000 mg/L  Rutherford et al. 2005 

 Micronecta 

robusta 

found in field in Australia 9,000 mg/L  Rutherford et al. 2005 

 Micronecta 

robusta 

found in field in Australia 11,000 mg/L  Pinder et al. 2005 

Trichoptera      

 Trichoptera majority occur in field 

between 5-10 gL-1 

5,000-10,000 

mgL-1 

 Rutherford et al. 2005 

 Trichoptera 1 species found in field @ 

30 gL-1 

30,000 mgL-1  Rutherford et al. 2005 

 Trichoptera No effect on composition 50-67 mg/l NaCl Molles 1980 

 Anabolia nervosa 50% mortality over 3d 7,020 mg/l NaCl Sutcliff 1961 

      



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Anisocentropus LC50 @ 72h with Australian 

fauna 

23,000 uScm-1 marine salts Kefford et al. 2003 

 Cheumatopsyche 

analis 

No mortality 1,650 mg/l NaCl Crowther and Hynes 1977 

 Cheumatopsyche 

analis 

No effect on drift 1,650 mg/l NaCl Crowther and Hynes 1977 

 Ecnomus LC50 @ 72h with Australian 

fauna 

16,000 uS cm-1 

= (10,884 mg/L) 

marine salts Kefford et al. 2003 

 Hydroptila 

angusta 

100% Mortality for 48h  10,136 mg/l NaCl Hamilton et al. 1975 

 Hydroptila 

angusta 

100% Mortality for 48h  6,317 mg/l KCl Hamilton et al. 1975 

 Hydropsyche 

betteni 

No mortality 1,650 mg/l NaCl Crowther and Hynes 1977 

 Hydropsyche 

betteni 

No effect on drift 1,650 mg/l NaCl Crowther and Hynes 1977 

 Hydropsyche 

betteni 

No effect on drift in lab 2,000-8,000 mg/l NaCl Kundman 1998 

 Hydropsyche 

betteni 

No effect on mortality after 

10d 

800 mg/l NaCl Kersey 1981 

      



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Hydropsyche 

betteni 

80% mortality after 6d  6,000 mg/l NaCl Kersey 1981 

 Hydropsyche 

betteni 

~ LC50 13,308 mg/l NaCl Kundman 1998 

 Hydropsyche 

bronta 

No effect on mortality after 

10d 

800 mg/l NaCl Kersey 1981 

 Hydropsyche 

slossonae 

No effect on mortality after 

10d 

800 mg/l NaCl Kersey 1981 

 Lepidostoma sp. 50% mortality for 96h 

exposure 

6,000 mg/l NaCl Williams et al. 2000 

 Limnephilus 

stigma 

50% mortality over 3d 7,020 mg/l NaCl Sutcliff 1961 

 Notilina spira LC50 @ 72h with Australian 

fauna 

25,000 uScm-1 

=(17,006 mg/L) 

marine salts Kefford et al. 2003 

 Notilina spira found in field in Australia 9700 mg/L  Rutherford et al. 2005 

 Notilina spira found in field in Australia 10,900 mg/L  Pinder et al. 2005 

 Triplectides 

australicus  

LC50 @ 72h with Australian 

fauna 

22,000 uScm-1 marine salts Kefford et al. 2003 

 Triplectides 

australicus  

found in field in Australia 8,000 mg/L  Rutherford et al. 2005 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Triplectides 

australicus  

found in field in Australia 14,000 mg/L  Pinder et al. 2005 

 Pycnopsyche 

spp. 

LC50 @ 96h 3,526 mg/l NaCl Blasius & Merritt 2002 

Ephemeroptera      

 Ephemeroptera No effect on composition 50-67 mg/l NaCl Molles 1980 

 Ephemeroptera found consistently @ low 

tolerance in field in Australia 

2,000-10,000 

mgL-1 

 Rutherford et al. 2005 

 Ephemeroptera nymphs found in brackish 

water in Florida 

2-10 ‰  Berner and Sloan 1954 

 Ephemeroptera populations unaffected by 

natural salt discharge in 

Oklahoma river 

  Magdych 1984 

 Ephemeroptera LC50 @ 21 d  0.9 to 2.7 mS/cm  Hassell et al. 2006 

 Baetidae LC50 @ 72 h with Australian 

fauna 

6200 uS cm-1 

(= 4,217 mg/L) 

marine salts Kefford et al. 2003 

 Baetis sp. significant reduction in 

abundance of some species 

w/ short term release 

1,500 mg/L (2205 uS/cm) Marshall 2004 

 Callibaetis 

coloradensis 

50% mortality 700 mg/l NaCl Wichard 1975 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Callibaetis 

fluctuans 

100% mortality @ 24 & 96 h 18,825 mg/l NaCl Benbow et al. 2004 

 Centroptilum sp. 100% mortality studying 

chronic salinity effects 

>10.0 mS/cm  Hassell et al. 2006 

 Centroptilum sp. LC50 @ 21 d  2.7 mS/cm  Hassell et al. 2006 

 Centroptilum sp. LC50 @ 3 d  5.5 to 6.2 mS/cm  Kefford et al. 2003 

      

 Cloeon sp. 100% mortality when 

studying chronic effects 

> 10 mS/cm  Hassell et al. 2006 

 Cloeon sp. found in field in Australia 6,100 mg/L  Rutherford et al. 2005 

 Cloeon sp. found in field in Australia 4,700 mg/L  Pinder et al. 2005 

 Cloeon/ 

Centroptilum 

LC50 @ 72 h with Australian 

fauna 

5,500 uS cm-1 marine salts Kefford et al. 2003 

 Hexagenia 

limbata 

similar growth rates 0-8,000 mg/l NaCl Chadwick 2001 

 Hexagenia 

limbata 

LC50 96 h @ 28*C 2,400 mg/l NaCl Chadwick 2001 

 Hexagenia 

limbata 

LC50 96 h @ 18*C 6,300 mg/l NaCl Chadwick 2001 

      



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Hexagenia 

limbata 

unaffected by saline 

discharges 

  Magdych 1984 

 Hexagenia 

limbata 

found in seasonally saline 

reached of Mobile River 

0-25 ppt saline Chadwick & Feminella 2001 

 Hexagenia 

limbata 

indiv. Couldn't survive >8ppt 

for extended periods of time 

but could for an 8 hr period. 

> 8 ppt saline Chadwick et al. 2002 

 Leptophlebiidae LC50 @ 72 h with Australian 

fauna 

15 mS/cm  Kefford et al. 2003 

 Tasmanocoeria 

tillyardi 

found in field in Australia 5,500 mg/L  Rutherford et al. 2005 

 Tasmanocoeria 

tillyardi 

found in field in Australia 6,000 mg/L  Pinder et al. 2005 

 Tricorythus sp. increase mortality LC50 and 

NaSO4 more toxic than 

NaCl 

100 mS/m NaSO4 Goetsch and Palmer 1997 

 Tricorythus sp. no significant mortality for 

LC50 

100 mS/m NaCl Goetsch and Palmer 1997 

Plecoptera      

 Plecoptera found consistently @ low 

tolerance in field in Australia 

2,000-10,000 

mgL-1 

 Rutherford et al. 2005 

 Plecoptera No effect on composition 50-67 mg/l NaCl Molles 1980 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Perlidae no signficant mortality for 

96h 

1,000-10,000 

mg/l 

NaCl Blasius & Merritt 2002 

 Dinotoperla 

twaitesi 

LC50 @ 72 hr in Australia  18000 uScm-1 

(=12,244 mg/L) 

marine salts Kefford et al. 2003 

 Nemoura 

trispinosa 

70% survival@ 96h  6,000 mg/l NaCl Williams et al. 2000 

Coleoptera      

 Coleoptera No effect on composition 50-67 mg/l NaCl Molles 1980 

 Necterosoma 

penicillatus 

found in field in Australia @ 

this salinity 

115,600 mg/L  Rutherford et al. 2005 

 Necterosoma 

penicillatus 

found in field in Australia @ 

this salinity 

149,000 mg/L  Pinder et al. 2005 

Amphipoda      

 Hyallela azteca no significant mortality for 

LC50 

10,000 mg/L NaCl Benbow et al. 

 Austrochiltonia  LC50 @ 72h with Australian 

fauna 

52,000 uScm-1 

=(35,374 mg/L) 

marine salts Kefford et al. 2003 

 Crangonyx sp. 90% mortality 96h 6,000 mg/l NaCl Williams et al. 2000 

 Gammarus 

pseudolimnaeus 

100% mortality 96h  6,000 mg/l NaCl Williams et al. 2000 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Gammarus 

pseudolimnaeus 

no significant effect on drift 800 mg/l NaCl Crowther and Hynes 1977 

 Gammarus 

pseudolimnaeus 

no significant effect on 

mortality 

800 mg/l NaCl Crowther and Hynes 1977 

 Gammarus 

pseudolimnaeus 

increase in drift 2,165 mg/l NaCl Crowther and Hynes 1977 

 Gammarus 

pseudolimnaeus 

96h LC50 7,700 mg/l NaCl Blasius & Merritt 2002 

 Gammarus 

pseudolimnaeus 

drift may be affected at 

concentrations for a 24h 

period 

>5,000 mg/l NaCl Blasius & Merritt 2002 

Oligochaeta Oligochaeta majority found below 5 gL-

1in field in Australia 

10,000-15,000 

mgL-1 

 Rutherford et al. 2005 

      

 Oligochaeta 1 sp. Found at 10 gL-1in 

field in Australia 

10,000 mgL-1  Rutherford et al. 2005 

 Oligochaeta LC50 @ 72h with Australian 

fauna 

9.3 mS/cm   

 Naididae    Rutherford et al. 2005 

 Nais variabilis 100% mortality 48h 3,736 mg/l NaCl Hamilton et al. 1975 

 Nais variabilis 100% mortality 48h 204 mg/l KCl Hamilton et al. 1975 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

Gastropoda      

 Pulmonate snails sensitive to increase in 

salinity in Australia 

  Hart et al. 1991 

 Gastropoda associated in areas with 

high levels of road salt 

 NaCl Williams 2000 

 Gastropoda not tolerant to elevated 

levels of salinity 

  James et al. 2003 

 Gastropoda 6 sp.in field occur @ 

salinities below 5 gL--1in 

Australia 

< 5,000 mgL-1  Rutherford et al. 2005 

 Gastropoda 2 sp. In field occur @ 

salinities between 15 and 

30 gL-1 

15,000 and 

30,000 mgL-1 

 Rutherford et al. 2005 

 Ferrissia 

tasmanica 

abundance significantly 

reduced  

1,500 mg/L  Marshall et al. 2004 

 Physa acuta LC50 @ 72 h with Australian 

fauna 

14,000 uScm-1 

=(9,523 mg/L) 

marine salts Kefford et al. 2003 

 Physa acuta growth lower in low 

(0.05mS/cm) and high 

(>1.0mS/cm) salinity levels 

than intermediate salinities 

  Kefford & Nugegoda 2005a 

 Physa integra 96h LC50 10,000 mg/l NaCl Benbow et al. 2004 



 

 

TAXA Lower level taxa Salinity Results Concentration Ions tested Reference 

 Physa integra no difference in survivorship 

among 3 salinity 

concentrations 

control, 1,000 & 

2,000 mg/l 

NaCl Williams et al. 2000 

 Pomacea 

insularium 

tolerant for 28d 0-6.8 ‰ seawater Ramakrishnan, 2007 

 Pomacea bridgesi tolerant for 14d 0-6.8 ‰  Jordan 1999 

Decapoda  100% mortality  >13.6 ‰ seawater Ramakrishnan, 2007 

 Paratya 

australiaiensis  

found in the field @ 18.7 

g/L in Australia 

18,700 mg/L  Rutherford et al. 2005 

 Paratya 

australiaiensis  

found in field @ 8.1 g/L 8,100 mg/L  Bailey et al. 2002 

 Paratya 

australiaiensis  

LC50 @ 72h with Australian 

fauna 

38,000 uS/cm 

= (25,850 mg/L) 

 Kefford et al. 2003 

Isopoda      

 Isopoda found consistently @ low 

tolerance in field in Australia 

2,000-10,000 

mgL-1 

 Rutherford et al. 2005 

Hydracarina      

 Hydracarina LC50 @ 72h with Australian 

fauna 

39,000 uS/cm-1 

=(26,530 mg/L) 

 Kefford et al. 2003 
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Freshwater Inflows 
 
Demand for freshwater by human populations is large and continues to grow.  Half of 
the world‘s major cities are within 50 km of the coast, and coastal populations are 2.6 
times more dense than those further inland (Crossland et al., 2005).  Because of this, a 
major part of the world‘s population can be expected to face freshwater shortages in the 
near future.  As humans further develop technologies for diverting and capturing 
freshwater from rivers and streams, greater reductions in freshwater inflow to the 
coastal zone occurs.  Freshwater inflow is thus defined as freshwater entering a body of 
water with some salinity, such as a bay or estuary.  Altering freshwater inflow can have 
major effects on the structure, function, and quality of coastal ecosystems that are 
transitional zones between freshwater ecosystems and marine ecosystems (Figure 1; 
Montagna et al., 1996; Olsen et al., 2007). 
 
An estuary is defined as a semi-enclosed body of water where salt water from the 
ocean mixes with fresh water from rivers and land.  Nothing is more fundamental to the 
functioning of an estuary than the quantity and timing of freshwater delivery to the 
mixing zone (Dahms, 1990; Montagna et al., 2002a).  Freshwater inflow affects 
estuaries at all basic levels including physical, chemical, and biological effects.  
Probably the most direct and measurable effect of freshwater inflow is on an estuary‘s 
salinity gradient.  Freshwater has salinity of 0 parts per thousand (ppt) salts, and full-
strength seawater has about 35 ppt.  Estuaries with little freshwater input and high 
evaporation rates can be hypersaline, reaching up to 40 - 45 ppt.  Estuaries typically 
display a salinity gradient with lower salinities toward the river mouth and higher 
salinities toward the inlet to the ocean.  Altered freshwater delivery can greatly influence 
salinity distribution throughout an estuary spatially through the establishment of salinity 
gradients, and seasonally, through the relocation of isohalines (Tolley et al., 2006).  
Besides salinity, freshwater inflow causes change in a suite of water column 
parameters.  In general, high flows result in low salinities because sea water is diluted, 
high nutrient concentrations because nutrients are washed in from the land, and high 
chlorophyll a concentration because microalgae growth is stimulated by nutrient 
addition.  This cascade of inflow, nutrients, and algal growth is responsible for 
maintaining productivity in estuarine areas (Montagna, 2008).  Other effects of 
freshwater inflow on estuaries include dilution and transport of pollutants, creation of 
nursery habitats, reduction of metabolic stresses in estuarine organisms, sediment 
transport, and timing of migration and reproduction for transient and permanent 
estuarine organisms (Longley, 1994). 
 
Freshwater inflow and resultant changes in salinity are important controllers of 
ecological function in estuarine ecosystems by regulating important biological 
mechanisms (Kinne, 1971; Allan et al., 2006).  In general, estuarine diversity and 
productivity are determined by salinity tolerances, nutrient availability, dissolved oxygen 
(DO) concentrations and pH, which in turn are sensitive to the timing, duration, 
magnitude, and sources of freshwater flow (Sklar and Browder, 1998).  Although 
estuarine organisms are generally euryhaline, few occur throughout the entire range of 



 

 

salinities.  Instead, a diminishing number of benthic species generally occur along 
salinity gradients from marine to brackish water, and brackish to fresh water, but 
seasonality and variations in the salinity regime are important components of this 
relationship (Boesch, 1977; Bulger et al., 1993; Attrill and Power, 2000).  Changes 
brought to the salinity gradient and pattern of salinity variation (e.g., shifts in isohalines) 
can induce large changes in community structure and ecosystem function within 
estuaries (Table 1, Kowaleswski et al., 2000; Rodriguez et al., 2001). 
 
Changes in freshwater inflow are primarily caused by natural climatic cycles and large-
scale weather patterns, and by human activities such as diversions, dams, and 
impoundments.  Water development projects can alter the delivery of freshwater to 
coastal ecosystems by changing the quantity, frequency, timing, and quality of flows 
(Olsen et al., 2007).  The quantity of flows is the total amount of freshwater flowing to 
the estuary.  Frequency is the variability in the number of flow events, and timing is the 
seasonality of freshwater that reaches estuaries.  Quantity is a function of the 
magnitude and duration of flow events.  The quality of freshwater can be effected by 
anthropogenic activities and can alter nutrient and contaminant loading.  Dams, 
diversions and impoundments tend to reduce the amount of freshwater inflow, which in 
turn is associated with a variety of effects on estuarine systems.  The effects of 
decreased inflows on estuaries can include increased salinities, reduced mixing leading 
to water column stratification, upstream migration of isohalines allowing intrusion of 
marine predators and disease, diminished supply of nutrients from inland sources, 
increased frequency of benthic anoxia, reduced sediment transport, and loss of 
economically important coastal fisheries (Longley, 1994).  In the end, biological effects 
depend on the cascade of:  
 

 inflow alterations  

 physical alterations (i.e., salinity, nutrients, and sediments)  

 biological alterations.   
 
There are no direct effects from flow alterations to biological communities in coastal and 
estuarine zones. 
 



 

 

Benthic Indicators 
 
Benthic invertebrate communities have been widely used as indicators of ecological 
health in environmental assessment, pollution detection, and ecological monitoring 
studies.  We expect indicator organisms to do for us today what canaries did for miners 
in the 18th and 19th centuries.  Indicator organisms should have characteristics that 
make them useful in applied research (Soule, 1988).  1) They should direct our attention 
to qualities of the environment.  2) They should give us a sign that some characteristic 
is present.  3) They should express a generalization about the environment.  4) They 
should suggest a cause, outcome or remedy.  5) Finally, they should show a need for 
action. 
 
The benthic community is unique among estuarine organisms for several reasons.  
First, they are predominantly permanent residents of estuaries, unlike much of the more 
visible nekton that are made up of large populations of migratory organisms.  Second, 
they are relatively long-lived compared to plankton.  Third, the benthos are relatively 
immobile and fixed in space, unlike nekton and plankton that move freely or with 
currents.  In addition, everything dies and ends up in the detrital food chain, which is 
utilized by the benthos.  This combination of characteristics means that the benthic 
community integrates changes in ecosystems over long time scales.  Benthos are 
therefore the best sentinel group, responding to changes in external conditions without 
the complication of movement to different regions of the estuary or the adjacent coastal 
zone.  Because benthic organisms are relatively immobile, they are usually the first 
organisms affected by environmental stress.  Many ecological monitoring programs use 
benthic abundance, biomass, and diversity as ecological indicators of the state, 
productivity, or health with respect to changes in the environment. 
 
Diverse and abundant populations of benthic invertebrates provide a necessary food 
source for many aquatic and terrestrial species.  For example, salinity tolerance is a 
critical factor that affects the distribution, survival, and growth of shrimp as well as their 
predators and prey (Garcia 1991).  Large-scale changes in salinity often affect benthic 
infaunal distribution and abundance.  Because of the importance of benthic organisms 
in the estuarine food-chain, fluctuations in their abundance can influence recruitment 
patterns in coastal fisheries and avian migratory behavior.  Therefore, it is important to 
continuously monitor the abundance and diversity of benthic infauna within an estuarine 
system. 
 
There are good ecological conceptual models that provide a scientific basis for 
interpreting the data generated in benthic monitoring and detection studies.  These 
approaches utilize many single species, community studies, and statistical models.  
One of the most important concepts is the succession model proposed by Rhoads et al. 
(1978).  They applied scientific theories of ecological succession and its relation to 
productivity to suggest ways that dredge-spoil could be managed to enhance 
productivity.  The same year, Pearson and Rosenberg (1978) published a review 
showing how benthic community succession changed in relation to organic enrichment.  



 

 

The central tenant of this theory is that distance from a pollution source is analogous to 
time since a natural disturbance.  Thus, the sequence of colonization and succession 
events that occur after a disturbance are similar to the changes in communities 
observed with distance from a pollution source.  There is typically a gradient from 
smaller, less diverse, pioneering species limited to surface sediments to larger, more 
diverse, climax assemblages of deeper dwelling organisms.  The gradient changes over 
both distance from a pollution source or is represented by community development over 
time after a disturbance.  Thus, we have a scientific justification for benthic community 
structure and biodiversity studies as an assessment tool.  Since these two classic 
studies, numerous other studies have demonstrated the value of benthic communities 
as an excellent indicator of environmental health. 
 



 

 

Case Studies of Freshwater Inflow Management 
 
Texas 
 
The state of Texas made its first efforts to examine the coast-wide problem of 
freshwater inflows by enacting the Texas Water Planning Act in 1957.  This act was 
amended over the next 10 years and led to the creation of a Texas Water Plan that was 
adopted in1969.  The plan called for an estimated 2.5 million acre-feet of supplemental 
freshwater inflows annually to Texas bays and estuaries.  In 1967, a cooperative Bays 
and Estuaries program was created to collect physical, chemical, and biological data to 
inform water planning.  This program was expanded by legislative mandate in 1975 
(Senate Bill 137), which required comprehensive studies of the effects of freshwater 
inflows on bays and estuaries.  As a result, each major bay system in Texas was 
studied to determine the influence of freshwater inflows, and recommendations were 
developed to continue estuarine monitoring programs to provide better data to inform 
state water planning and permitting decisions (Powell et al., 2002).  In 1995, the state 
legislature extended the monitoring mandate and added new language to the Texas 
Water Code to ―maintain those conditions considered necessary to maintain beneficial 
inflows to any affected bay or estuary system‖, where ‗beneficial inflows‘ describe ―a 
salinity, nutrient, and sediment loading regime adequate to maintain and ecologically 
sound environment‖  (Texas Water Code 11.147 (a,b)).  Currently, state agency staff 
coordinate with water authorities, consultants, and university scientists to investigate 
each major estuary system using a standard protocol to develop freshwater inflow 
recommendations for implementation in state water planning and permitting processes. 
 
Texas legislators did not give a definition of an ―ecologically sound environment‖, but 
many interpretations have been made.  An estuary can be considered ecologically 
sound when the physical, biological, and chemical parameters that are measured fall 
within the range of values that existed before human interference (Longley, 1994).  
Ecological soundness can also be characterized as an environment that has several 
trophic levels through which nutrients are cycled, so that production of commercially and 
recreationally important fisheries is maintained.  With these goals in mind, Texas state 
agencies have been working to investigate the relationships between freshwater inflow 
and salinity, nutrient and sediment loadings, to determine the conditions required for 
and ecologically sound environment, and to develop methods to quantify freshwater 
inflow needs (Longley, 1994).  
 
There is also more complex way to define ecological soundness based on the concepts 
the U.S. Environmental Protection Agency uses for defining assessment of ecological 
health in the water quality context.  Ecological health is assessed by determining if 
indicators of ecological conditions are in an acceptable range.  Indicators are measures 
(or metrics) of ecological health for which sufficient information exists to establish an 
acceptable range of responses across broad spatial and temporal scales.  Ecological 
condition is the status of ecological function, integrity, and sustainability.  Ecological 
function is judged acceptable when the ecosystem provides important ecological 



 

 

processes.  Ecological integrity is acceptable when the ecosystem has a balanced, 
resilient community of organisms with biological diversity, species composition, 
structural redundancy, and functional processes comparable to that of natural habitats 
in the same region.  Ecological sustainability is acceptable when an ecosystem 
maintains a desired state of ecological integrity over time.   
 
Ecological health or soundness can be defined by benthic metrics employing this series 
of linked definitions.  The condition of integrity is assessed when community structure 
and diversity are stable over long time periods.  The condition of function is assessed 
when biomass (the best indicator of productivity) is stable over long time periods.  
These three metrics: abundance, biomass, and species are easily obtainable in routine 
sampling programs. 
 
An important objective of many resource agencies is to quantify the relationship 
between bioindicators of marine resource populations and freshwater inflows to bays 
and estuaries.  However, there is year-to-year variability in population densities and 
successional events in estuarine communities.  This year-to-year variability is 
apparently driven by long-term, and global-scale climatic events, e.g., El Niño, which 
affects rates of precipitation and concomitantly rates of freshwater inflow (Tolan, 2007).  
Therefore, the best approach is to document long-term changes in populations and 
communities that are influenced by freshwater inflow.  The best indicator of productivity 
is the change in biomass of the community over time (Banse and Moser 1980).  Based 
on initial sampling of one to four years of benthic data in Texas bays, it was originally 
concluded that inflow does increase benthic productivity (Kalke and Montagna, 1991; 
Montagna and Kalke, 1992; 1995).  However, further analysis of the data set over a 5-
year period demonstrated that the largest effect may not be on productivity, but may be 
on community structure (Montagna and Li, 1996).  This implies that reduced inflows 
may not only reduce productivity, but may also change the composition of species in an 
estuary.   
 
Texas Coastal Bend estuaries were studied over a 20 year period by Montagna (2008) 
to determine the long-term response of benthic organisms to freshwater inflow (Figure 
2).  Results show that the biological effects on benthic communities appear to be driven 
by the El Niño cycle.  Flood conditions introduce nutrient rich waters into the estuary 
that result in lower salinity.  During El Niño periods the lowest salinities and highest 
nutrient values were recorded.  During these periods the spatial extent of the freshwater 
fauna is increased, and the estuarine fauna replaced the marine fauna in the lower end 
of the estuary.  The high level of nutrients stimulated a burst of benthic productivity (of 
predominantly freshwater and estuarine organisms), which lasted about six months.  
This was followed by a transition to a drought period with low inflow resulting in higher 
salinities, lower nutrients, dominance by marine fauna, decreased productivity and 
abundances.   
 
The Lavaca and Matagorda Bay system on the central Texas coast was studied to 
investigate the relationship between benthic macrofaunal community structure and 



 

 

sediment and hydrologic parameters (Pollack et al. In prep.).  A principal component 
analysis (PCA) was used to illustrate the relationships among water column 
environmental variables (Figure 3).  The PC 1 variable loads have high negative values 
for silicate (SiO4), dissolved inorganic nitrogen (DIN; sum of nitrate, nitrite and 
ammonium), and phosphate (PO4); and high positive values for salinity.  High salinity is 
correlated with low nutrients (and vice versa), thus PC 1 represents a linear scale of 
freshwater inflow effects.  High temperature is correlated to low dissolved oxygen (DO) 
along PC 2, thus PC 2 represents seasonal effects.  PC 1 (freshwater inflow effects on 
hydrology) were significantly correlated with macrobenthic diversity and evenness, while 
sediment characteristics did not have a significant relationship to any biological 
variables (Table 2).  
 
In a related study of the Matagorda Bay system, a bioenergetic model was created to 
predict the benthic biomass effects that could result from changes in freshwater inflow 
(Kim & Montagna, 2008).  Model simulation results were interpreted to assess the role 
of freshwater inflow in controlling benthic productivity.  In general, when salinity 
increased with decreasing nutrient concentrations, deposit feeder biomass increased 
while suspension feeder biomass decreased (Figure 4).  The change in trophic groups 
also indicates that functional diversity will decrease with increasing salinity.  In other 
words, reduced inflow will change the character of the bay into one that produces 
mainly worms, and not worms and shellfish.  Estuary-wide, the model predicts that 
reduced freshwater inflow could increase benthic productivity overall as upstream 
communities acclimate to elevated salinities and take on characteristics of downstream 
polyhaline communities. 
 
The 50-month Rincon Bayou Demonstration Project is an example of a recent project 
investigating freshwater inflow needs of bays and estuaries in the state of Texas.  The 
demonstration project increased the amount of freshwater into the upper Nueces Delta 
by ~ 732%, reverting the hypersaline salinity gradient (> 50 ppt) to a more natural 
pattern (21 - 28 ppt, Bureau of Reclamation, 2000).  Benthic organisms were better able 
to tolerate brackish salinity conditions than hypersaline conditions.  As a result, total 
macrofauna abundance and size of individuals increased, particularly within the salinity 
range of 10 - 45 ppt.  Macrofauna characteristics demonstrated strong nonlinear 
relationships with salinity (Figure 5; Montagna et al,. 2002b).  Macrofauna abundance 
appeared to peak at a salinity of 33 ‰, biomass peaked at a salinity of19 ‰, and 
diversity peaked at a salinity of 9 ‰.  As a secondary result, the abundant and diverse 
benthic community of the demonstration project provided conditions favorable for 
feeding and growth of fish and shrimp.  Fish and shrimp utilize estuaries as seasonal 
nursery areas (Riera et al., 2000).  A novel log-normal regression model was use to 
identify the salinity range and inflow range that yields the peak abundance, biomass, 
and diversity (Montagna et al., 2002b).  When macrofaunal characteristics were 
regressed against non-zero cumulative quarterly inflow rates, only biomass was 
significantly correlated, with a peak macrofauna biomass of 4 g m-3 occurring at flow 
rates of 125,000 m3 per quarter (Figure 6).  So, in this ecosystem, a little water went a 
long way to increase ecosystem health.  Increased freshwater inflow was found to also 



 

 

affect the processes of nutrient cycling, increasing water column and marsh plant 
production. 
 
At this point in time, there is no question as to whether freshwater inflow is important to 
coastal ecosystems.  Rather, the important questions are how, when, where, and in 
what quantities inflow should be utilized for environmental purposes (Science Advisory 
Committee Report, 2004).  Scientific methods and protocols have advanced over the 
past 40 years to improve our understanding of the importance of freshwater inflow.  One 
of the main conclusions of this work is that adaptive management and precautionary 
principle methods need to be incorporated into the scientific study, management 
strategy implementation, and regulatory permitting phases of future freshwater inflow 
studies (Study Commission on Water for Environmental Flows, 2004).  This important 
conclusion should be applied coast-wide (throughout the United States) to develop 
future approaches of managing freshwater inflow for adequate protection of coastal 
ecosystems. 
 
Florida 
 
Florida has a long history of water flow management, particularly in the southern portion 
of the state. In 1971, the Water Resources Act was established, which created five 
Water Management Districts throughout the state.  The management districts were 
given a mandate to establish minimum flows and levels for surface waters and aquifers.  
Minimum flow was defined as ―the limit at which further withdrawals would be 
significantly harmful to the water resources of ecology of the area.‖  In 1995, the Florida 
legislature concluded that none of the water management districts had fully completed 
this task, and the Act was amended in 1997 to require the development of a priority list 
for the establishment of minimum flows.  This legislation is significant because 1) it 
states that resource-based criteria are central to the determination of minimum flows, 2) 
the objective of the minimum flow must be to sustain the resource, and 3) the 
determination of minimum flows is a bottom-up process with scientists determining the 
criteria and definitions of sustainability (Estevez, 2002).  The management districts have 
taken a variety of approaches in complying with this mandate (Alber, 2002). 
 
The Southwest Florida Water Management District (SWFWMD) has been utilizing a 
management approach to for unimpounded rivers that limits withdrawals to a 
percentage of streamflow at the time of withdrawal (Flannery et al., 2002).  The natural 
flow regime of a river is the baseline for identifying the effects of increased withdrawal 
levels; various streamflow parameters are then evaluated to determine changes in river 
flow regimes.  This approach to water supply planning and regulation is designed to 
maintain the physical structure and ecological characteristics of unimpounded rivers.  
Relationships between freshwater inflow and estuarine characteristics are then 
examined to determine withdrawal limits that will not result in negative environmental 
impacts.  This percent-of-flow approach was supported by initial findings that showed a 
curvilinear response of isohaline locations to freshwater inflow and the influence of 
inflow on catch per unit effort for a number of key organisms (Flannery et al., 2002).  



 

 

Studies of the Alafia River estuary in particular demonstrated that the abundances of 
many estuarine-resident and juvenile estuarine-dependent species decline during low-
flow periods (Flannery et al., 2002).  The SWFWMD is using the percent-of-flow 
approach to inform adaptive management, such that continued data collection is being 
used to improve management strategies over time.   
 
In contrast, the South Florida Water Management District (SFWMD) and the Suwannee 
River Water Management District (SRWMD) use resource-based approaches for setting 
inflow requirements with the aim of protecting biodiversity, productivity, and connections 
to adjacent floodplains and downstream habitats (Alber, 2002; Mattson, 2002).  In this 
approach, critical habitats (e.g., oyster reefs, vegetated communities, or tidal creeks), 
that are also referred to as valued ecosystem components (VEC), are identified as are 
the range of salinities experienced in these areas.  The freshwater inflow regime 
needed to establish these salinity regimes is then determined and correlations between 
salinity and biological variables are examined (Mattson, 2002).  This management 
approach is tied to the concept that growth and survival of larval and juvenile fish and 
shellfish can be enhanced if favorable salinity and suitable physical habitat overlaps 
spatially at the appropriate time of year (Browder and Moore, 1981).  Results from 
oyster monitoring in the Suwannee River Estuary showed that oyster reef development 
is best in areas influenced by freshwater inflow, with salinity requirements and timing of 
inflow being important for reproduction and successful spat settlement Mattson, 2002).  
 
Florida Bay was examined to determine the relationship between commercially 
important pink shrimp (Farfantepenaeus duorarum) recruitment and freshwater inflow 
characteristics (Browder et al., 2002).  Experiments were conducted to determine the 
rates of juvenile shrimp growth and survival at varying temperatures and salinities and 
the results were used to refine an existing model of potential pink shrimp recruitment.  
Results showed high survival over a wide salinity range except at extreme 
temperatures.  In particular, shrimp were least tolerant of high salinity at low 
temperatures and low salinity at high temperatures.  Maintenance of freshwater inflow 
was found to be key in providing favorable salinities over the greatest amount of 
suitable and accessible habitat.  Timing of flows in relation to arrival of postlarvae from 
offshore spawning grounds was also found to be important (Browder et al., 2002).   
 
Salinity fluctuations in northeastern Florida Bay were examined to determine the 
possible effects on benthic fauna and vegetation (Montague and Ley, 1993).  The 
standard deviation of salinity was strongly negatively correlated with mean benthic 
animal diversity, with the greatest benthic abundances occurring at stations with the 
smallest salinity fluctuations.  At stations with the greatest salinity fluctuations, benthic 
biomass was low, and species dominance was temporary.  The authors concluded that 
extreme variations in salinity may have prevented the development of abundant benthic 
communities by causing physiological stress and reducing growth and survival 
(Montague and Ley, 1993).   
 



 

 

Six tidal rivers in southwest Florida along the Gulf of Mexico were examined using a 
meta-analysis of existing data sets of mollusk communities to determine salinity-mollusk 
relationships at regional scales (Montagna et al., 2008).  The most important variable 
correlated with mollusk communities was salinity, which is a proxy for freshwater inflow.  
In the Peace and Myakka Rivers, there were strong relationships between mollusk 
diversity and abundance with salinity, where diversity and abundance increased with 
increasing salinity, peaked, and then declined.  Corbicula fluminea, Rangia cuneata, 
Polymesoda caroliniana, Tagelus plebius all exhibited significant bell-shaped responses 
to salinity, with C. fluminea abundance peaking at 0.6 ppt, R. cuneata at 3.7 ppt, P. 
caroliniana at 4.9 ppt and T. plebius at 7.3 ppt (Figure 7).  Mollusk species appear to be 
controlled more by water column hydrography than by sediment composition, with 
salinity as the most important environmental variable and proxy for freshwater inflow.   
 
St. Johns River, Florida - Benthic Study 
 
The purpose of this original analysis was to investigate the relationship between 
freshwater inflows and estuarine macrobenthic communities using existing data.  
Several macrofauna data sets were obtained for analysis including data from Cichra 
and Adicks (1998), Mason (1998), Evans et al. (2004), Evans and Higman (2001), 
Cooksey and Hyland (2007), and from the Saint Johns River Water Management 
District (SJRWMD) Submerged Aquatic Vegetation (SAV) monitoring program (Sagan, 
2007).  The analysis approach was similar to the meta-analysis of southwest Florida 
mollusk data and details of the approach can be found in Montagna et al. (2008). 
 
The investigations by Evans and Higmans (2001) and Evans et al. (2004) were 
seriously flawed in that the stations within each study were sampled up to five months 
and eleven months apart from one another for each study respectively.  These 
investigations were not suitable for a freshwater inflow investigation because each 
station was only sampled once over time.  Without replicate samples, variance cannot 
be calculated and station or treatment differences cannot be statistically analyzed.  The 
investigation by Cooksey and Hyland (2007) had useful data, however the sampling 
stations in this study were generally more tidal influenced than freshwater influenced 
and the emphasis of the sampling was partially on chemical contamination of the 
sediments.  These two factors limited the ability to use the available data sets for 
analysis relating to freshwater inflows. 
 
The SAV data set was deemed the most useful because it contained the most replicates 
over time, contained the most recent data, and covered the area of the estuary where 
potential isohaline shifts were greatest as predicted by ECT (2002, Figure 4-24).  The 
SAV data set contained eight stations within the St. Johns Estuary (Figure 7).  The 
stations in order going upstream are Bolles School, Buckman Bridge, Moccasin Slough, 
Doctors Lake, Orangedale, Scratch Ankle, Rice Creek and Crescent Lake.  Detailed 
station descriptions can be found in Sagan (2007).  The SAV stations could not be 
appended and used alongside the stations from Cooksey and Hyland (2007) because of 



 

 

a lack of temporal overlap and because of differences in depth that the benthic samples 
were taken. 
 

Methods 
 
Macrofauna were sampled using 10.16-cm (4 inch) diameter cores (surface area of 
81.07 cm-2) at various times between April 2002 and August 2007 (Table 2).  For each 
sampling event, three core samples were composited to give an effective sample area 
of 243.21 cm-2.  Some samples were subsampled, while most were not.  It is presumed 
that the subsampling occurred when samples contained an abundance of debris or 
organisms. 
 
Various water quality parameters were taken biweekly at the outer edge of the SAV 
beds.  Water quality samples outside the sea grass beds were taken less often (Table 
2).  Water quality variables measured included alkalinity, chlorophyll (chl) a, b and c, 
chloride, color, conductivity, dissolved oxygen, ammonium, nitrates and nitrites, 
phosphates, salinity, water clarity (secchi disc), silicate, total organic carbon (TOC), total 
phosphorus (TP), total suspended solids (TSS), turbidity, temperature, pH and depth.  
Most water quality samples were taken at 0.5 m depth.  The water quality sample depth 
varied if the total water depth was less than 0.7 m. 
 

Macrofaunal Community Structure 
 
Macrofaunal community structure was analyzed to compare stations along the estuary 
and also to compare differences inside and outside grass beds at each station.  Of the 
297 date-station-substrate combinations of macrofauna cores, only 233 date-station 
combinations could be used in this analysis.  64 combinations could not be used 
because they were either preserved incorrectly or the location of the samples in relation 
to grass beds was unknown.  Station-date-substrate combinations were averaged by 
month before station-substrate means were taken.  This monthly average removes 
some of the temporal bias that exists in the dataset.  Orangedale was omitted from 
macrofauna community structure analysis because it was only sampled three times. 
 
Non-metric multi-dimensional scaling (MDS) was used to compare macrofaunal 
community structure differences among station-substrate combination.  The distance 
between station- substrate combinations in a MDS plot can be related to community 
similarities or differences between different stations.  Differences and similarities among 
communities were highlighted using cluster analysis.  We used two substrate types; 
inside and outside grass beds.  The date-station combinations taken before August 
2003 were not identified as either inside or outside grass beds so could not be used.  
MDS and cluster analysis was performed using a Bray-Curtis similarity matrix and 
Primer software (Clarke and Warwick, 2001). 
 
 
 



 

 

Water Quality 
 
Water quality among stations was compared using principal components analysis 
(PCA).  PCA is another multivariate method that allows many variables for many 
samples to be compared simultaneously.  There are two plots generated from PCA.  A 
PCA station-score plot allows for the direct comparison of stations, with the distance 
between any two points, on the plot being relative to the differences in water quality 
between the stations that those points represent.  The second plot, the variable vector 
plot, explains how variables change in relation to each other.  A PCA variable vector 
plot can assist in explaining what variables are most different among stations by 
comparing the vector direction and length of each variable with the location of each 
station on the station-score plot.  The length of the vector is relative to the magnitude of 
difference of a variable among stations.  Only data collected between August 2003 and 
August 2007 was used in the PCA, so to approximate the time period used in the MDS 
analysis of macrofauna community structure.  Water quality was only collected inside 
the grass beds within this date range.  PCA was performed using SAS 9.1 software 
(SAS Institute Inc, 2004). 
 

Comparing macrofauna and salinity 
 
Mean macrofaunal abundance and diversity were compared with mean salinity values 
for each station.  Hill‘s number one (N1) diversity index was used to report species 
diversity (Hill, 1973).  Hill‘s N1 was used because it has units of numbers of species, 
and is more interpretable than most other diversity indices (Ludwig and Reynolds, 
1988). 
 
To directly compare salinity and macrofauna, data could only be used if it had salinity 
and macrofauna data for the same month-year combination and station.  This matching 
reduced 266 monthly macrofauna records and 1136 monthly water quality records to 82 
monthly records that contained both macrofauna and salinity data.  This excluded the 
use of any data from outside the grass beds because there were no salinity 
measurements taken outside the grassbeds after March 2002 and no macrofauna 
samples taken outside the grass beds before August 2003 (Table 2).  It also excluded 
the use of any macrofauna data for which the substrate (inside or outside of grassbeds) 
was unknown. 
 
Macrofauna abundance and diversity relationships with salinity station means were 
examined with a non-linear model.  The model used was used successfully in Texas 
and Florida estuaries in the Gulf of Mexico (Montagna et al., 2002b; Montagna et al., 
2008).  The assumption behind the model is that there is an optimal range for salinity 
and values decline prior to and after meeting this maximum value.  That is, the 
relationship resembles a bell-shaped curve.  The shape of this curve can be predicted 
with a three-parameter, log normal model: 
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The model was used to characterize the nonlinear relationship between a biological 
characteristic (Y) and salinity (X) and inflow (X).  The three parameters characterize 
different attributes of the curve, where a is the maximum value, b is the skewness or 
rate of change of the response as a function of salinity, and c the location of the peak 
response value on the salinity axis.  The model was fit to data using the Regression 
Wizard in SigmaPlot, which uses the Marquardt-Levenberg algorithm to find coefficients 
(parameters) of the independent variables that give the best fit between the equation 
and the data (Systat, 2006). 
 
 
 

Results 
 

Macrofaunal Community Structure 
 
The MDS and cluster analysis separates the macrofaunal communities into four groups 
(Figure 8).  The first group consists of both substrates in the most upstream station, 
Crescent Lake.  The second contains both substrates from the next most upstream 
stations, Rice Creek and Scratch Ankle.  The third group contains only the macrofauna 
community outside the grass bed at Doctors Lake.  The fourth group consists of the 
macrofaunal communities of all the other substrate-station combinations.  
 

Water Quality 
 
The first one and two principal components (PCs) explain 41.2 and 26.5 % respectively 
(Figure 10).  High PC1 values indicate stations with high salinity, chl-b, phosphate, total 
phosphorus and nitrate and nitrites (NOx).  Low PC1 values indicate stations with high 
pH, TSS, chl-a, and chl-c.  High PC2 values indicate high color values and silicate 
concentrations but low alkalinity and depth values.  The stations are separated along 
PC1 into two groups.  The first group contains Bolles School, Buckman Bridge and 
Moccasin Slough, the three most downstream stations.  The second group contains the 
five most upstream stations.  While the first group is tightly clustered along PC2, the 
second group is not.  Rice Creek, Scratch Ankle and Doctors Lake have PC2 scores 
close to zero, however Crescent Lake and Orangedale have positive and negative PC2 
scores repetitively.  Crescent lake has the highest mean color value (348 cpu) and 
among the highest silicate concentrations (4.2 mg l-1) but the lowest alkalinity value 
(32.6 mg l-1, Table 5).  Conversely, Orangedale is on average 0.4 m deeper than all of 
the other stations, has the lowest mean color value (43.2 cpu) and silicate concentration 
(1.9 mg l-1) and among the highest mean alkalinity values (72.2 mg l-1). 
 
 



 

 

Comparing macrofauna and salinity 
 
Macrofaunal abundance and diversity peaked when salinity was 1.5 and 1.0 ppt 
respectively (Figure 11).  The rate of change of abundance and diversity with salinity 
was greater when salinities were below 1.5 and 1.0 ppt respectively then when salinities 
were above these values.  The correlations between salinity and both abundance and 
diversity were high but not significant.  
 

Indicator species 
 
Although the salinity ranges are small in the study area, specific species and taxa were 
found that are indicators of the various salinity regimes (Table 6).  These salinities 
regimes correlate with the results from the multivariate species analysis (Figure 8).  
Diversity increases as salinity increases.  No specific bivalve or polychaete indicator 
was found in the fresh water zone (such as Crescent Lake).  Only one indicator, the 
bivalve Rangia cuneata, was an indicator for the fresh oligohaline zone (such as Rice 
Creek and Scratch Ankle Creek).  But there were three additional species that were 
found to be indicators of the salty oligohaline zone (found in the remaining stations).  
 

Discussion 
 
There is a clear correlation between salinity and macrofauna characteristics at these 
eight SAV stations.  The macrofaunal community structures of each station are grouped 
more by salinity zone then whether the communities are inside or outside of grass beds 
(Figure 8).  Crescent Lake, with lowest mean salinities (0.2 ppt, Table 5), has a 
community structure significantly different than all other communities.  The macrofaunal 
community structures of Rice Creek and Scratch Ankle are similar to each other but 
significantly different from all others.  Rice Creek and Scratch Ankle have the second 
lowest mean salinities (0.5 to 0.6 ppt).  The four stations with the highest salinities (2.4 
to 4.2 ppt) have similar macrofaunal community structure except for the Doctors Lake 
macrofaunal community that is found outside the grass beds.  There is a greater change 
in community structure with salinity when salinities are below 1 ppt then when salinities 
are between 2 and 4 ppt. 
 
There is also a greater change in macrofaunal abundance and diversity at lower 
salinities then higher ones.  Macrofaunal abundance and diversity increase sharply to 
peaks at 1.5 and 1.0 ppt respectively before slowly decreasing as salinity increases.  
The variability of macrofaunal abundance and macrofauna around the correlation 
curves created indicates that other variables in addition to salinity influence macrofaunal 
communities.   
 
The SAV stations vary in many water quality variables in addition to salinity (Figure 10).  
The three stations with the highest salinities were separated from the five stations with 
the lowest salinities.  Along with the highest salinities, these three stations had higher 
nitrogen and phosphorus concentrations, but lower chl-a, chl-c, TSS, and pH than the 



 

 

other stations.  Color, silicate, depth and alkalinity did not vary much among stations, 
except at Orangedale and Crescent Lake. 
 

Problems 
 
We have established from this investigation that there is a clear change in macrofauna 
communities with salinity.  However results are based on the limited salinity range within 
which the SAV stations are located.  All SAV stations are classified as being either in 
the freshwater or oligohaline zone at flood and average inflow (5 and 50 percentile 
salinity) and either oligohaline or mixohaline in drought conditions (95 percentile salinity; 
Figure 12 and Table 4).  Although the largest predicted isohaline shifts occur within the 
range of the SAV stations (ECT, 2002), changes in freshwater inflow dynamics will most 
definitely effect the estuary further downstream than Bolles School, the most 
downstream SAV station.  The optimum salinity for maximum macrofaunal abundance 
and diversity in this investigation (Figure 11) is relevant for this small salinity range only.  
If additional macrofauna and salinity data from a wider salinity range further 
downstream of the existing SAV stations were incorporated with the existing data, then 
the results of the non-linear model that determined the optimum salinities would likely 
be very different. 
 
Other cautions must be heeded when interpreting these results for several reasons.  
Firstly, the sampling design is unbalanced, i.e., a different number of samples were 
taken at each station.  There is possibly some bias in the data based on sampling 
occurring at different times and different number of times at each station.  Secondly, 
there are inconsistencies between when and where macrofauna and water quality 
samples are taken simultaneously.  This makes a large amount of the data unusable to 
compare water quality and macrofauna, and reduces the power of any analysis relating 
the macrofauna to freshwater inflow.  Other problems include taking subsamples of 
macrofaunal samples.  This affects diversity counts because diversity is calculated per 
unit area and a different area cannot simply be calculated by a simple division or 
multiplication calculation.  The pooling of replicates defies the point of taking replicates 
in the first place.  The main point of replication is to be able to calculate variance and 
avoid pseudoreplication, which cannot be avoided with pooled replicates. 
 



 

 

Recommendations 
 
Studies from around the United States, and even around the world, have shown that 
benthic organisms are useful in environmental monitoring and assessment studies.  
This is true for contaminants, dredging, and inflow studies.  The review presented here 
shows that benthos are particularly useful for identifying salinity ranges that are required 
by a biological resource, and then it is a simple matter to ask hydrologists: which flow 
regimes will provide that salinity range, for what durations, in what places?  The studies 
in Matagorda Bay, Texas show how this linkage of physical and biological models can 
occur.  It is also possible to separate effects on the benthic community by other 
stressors (such as sediment characteristics, low DO, contaminants, habitat structure, 
etc.) from inflow effects by simply running multivariate analyses on the physical-
chemical data and correlating the new reduced variables with benthic characteristics. 
 
Unfortunately, there is very little benthic data for the St. Johns River Estuary, and the 
existing data comes from a very narrow salinity range, compared to the dynamic range 
that actually exists (Figure 12).  Clearly, the District would benefit by implementing a 
more comprehensive benthic analysis and monitoring program.  However, it is a lot 
easier and more purposeful to have an a priori experimental design than a post hoc 
one.  An a priori experimental design allows a researcher to specifically choose the 
locations and frequency of sampling so that specific questions related to changes in 
freshwater inflow can be answered.  An a priori sampling design also allows more useful 
and important information to be collected then an ad hoc design.   
 
It would be optimal to sample macrofauna throughout the length of the St. Johns 
Estuary and to sample at fixed time intervals simultaneously all stations.  It is also 
necessary to sample ancillary chemical and geological variables at the same time.  This 
is called synoptic sampling.  It is important if the goal is to relate benthic response to 
flow and salinity change.  The suite of water quality variables collected in the SAV study 
such as nutrients, color, TSS, is appropriate, but should also be sampled at all fixed 
time intervals, and also concurrently with any macrofauna sampling.  Collecting a range 
of water quality variables is important because a change in freshwater inflow does not 
solely change salinity and also because multiple stressor effects macrofaunal 
communities can only be separated with the full suite of parameters for every sampling 
time period.  A long-term monitoring program of water quality and macrofauna 
communities will allow researchers to not only determine the overall relationships 
between macrofauna communities and salinity, but to determine short-term changes in 
macrofaunal communities as a result of short term-changes in freshwater inflows.  To 
make a long-term monitoring program successful, other variables that interfere with a 
direct freshwater inflow-macrofauna relationship need to be sampled also. 
 
Sediment grain size and sediment nutrient data are also useful because the sediment 
quality can affect macrofaunal community structure.  There were some sediment quality 
data provided with the SAV data set, however the stations were not sampled more than 
once.  Sediment quality needs to be sampled periodically, perhaps at a lower frequency 



 

 

(perhaps annually) than macrofauna and water quality because it is generally less 
dynamic over time.  Background pollutant data such as that already collected by the 
EPA EMAP and REMAP programs and the NOAA Mussel Watch and Status and 
Trends programs will also be useful in teasing out freshwater inflow effects from the 
other effects that impact macrofauna communities.  These data sets likely already exist 
and can be combined with the data set analyzed here so that a re-analysis can be 
performed to try and get an initial look at the role of multiple stressors in the lower St. 
Johns River Estuary. 
 
In addition to monitoring macrofaunal communities and their physical stressors, it may 
be useful to investigate specific trophic linkages that planktonic and benthic 
communities have with commercially and recreationally important species such as 
shrimps, crabs, fishes and oysters.  Determining these linkages may enable cost-benefit 
analyses to be implemented. 
  



 

 

References 
 
Alber, M. 2002. A conceptual model of estuarine freshwater inflow management. 

Estuaries 25:1246-1261. 
 
Allan, E. L., P. W. Froneman, and A. N. Hodgson. 2006. Effects of temperature and 

salinity on the standard metabolic rate (SMR) of the caridean shrimp Palaemon 
peringueyi. Journal of Experimental Marine Biology and Ecology 337:103-108. 

 
Attrill, M. J., and M. Power. 2000. Effects on invertebrate populations of drought-

induced changes in estuarine water quality. Mar Ecol Prog Ser 203:133-143. 
 
Banse, K. and Mosher, S.  1980.  Adult body mass and annual production/biomass 

relationships of field populations.  Ecological Monographs 50:355-379. 
 
Boesch, D. F. 1977. A new look at zonation of benthos along the estuarine gradient. in 

B. C. Coull, editor. Ecology of marine benthos. University of South Carolina 
Press, Columbia, SC. 

 
Bulger, A. J., B. P. Hayden, M. E. Monaco, D. M. Nelson, and M. G. Mccormickray. 

1993. Biologically-based estuarine salinity zones derived from a multivariate 
analysis. Estuaries 16:311-322. 

 
Browder, J. A., and D. Moore. 1981. A new approach to determining the quantitative 

relationship between fishery production and the flow of fresh water to estuaries. 
Pages 403-430 in R. D. Cross and D. L. Williams, editors. Proceedings of the 
national symposium on freshwater inflow to estuaries. Volume 1. U.S. Fish and 
Wildlife Service, U.S. Department of Interior, Washington, D.C. 

 
Browder, J. A., Z. Zein-Eldin, M. M. Criales, M. B. Robblee, S. Wong, T. L. Jackson, and 

D. Johnson. 2002. Dynamics of pink shrimp (Farfantepenaeus duorarum) 
recruitment potential in relation to salinity and temperature in Florida Bay. 
Estuaries 25:1355-1371. 

 
Bureau of Reclamation 2000. Concluding Report: Rincon Bayou Demonstration Project.  

Volume I: Executive Summary.  United States Department of the Interior, Bureau 
of Reclamation, Oklahoma-Texas Area Office, Austin, Texas. 

 
Chadwick, M. A., and J. W. Feminella. 2001. Influence of salinity and temperature on 

the growth and production of a freshwater mayfly in the Lower Mobile River, 
Alabama. Limnology and Oceanography 46:532-542. 

 
Chollett, I., and D. Bone. 2007. Effects of heavy rainfall on polychaetes: Differential 

spatial patterns generated by a large-scale disturbance. J Exp Mar Biol Ecol 
340:113-125 



 

 

Cichra C.E. and V.K. Adicks. 1998. Benthic macroinvertebrate monitoring in the Lower 
St. Johns River, Florida 1993-1995. St. Johns River Water Management District. 

 
Clarke, K.R. and R.M Warwick. 2001. Change in Marine Communities: An Approach to 

Statistical Analysis and Interpretation. 2nd Edition. PRIMER-E: Plymouth, United 
Kingdom. 

 
Cooksey, C. and J. Hyland. 2007. Sediment quality of the Lower St. Johns River, 

Florida: An integrative assessment of benthic fauna, sediment-associated 
stressors, and general habitat characteristics. Marine Pollution Bulletin 54: 9-21.  

 
Cowardin, L.M., V. Carter, F.C. Golet, and E.T. LaRoe.  1979.  Classification of 

Wetlands and Deepwater Habitats of the United States. U.S. Department of 
Interior, FWS/OBS-79/31, Washington, D.C.  131 p. 

 
Crossland, C. J., H. H. Kremer, H. J. Lindeboom, J. I. Marshall Crossland, and M. D. A. 

Le Tissier, editors. 2005. Coastal fluxes in the anthropocene. Springer-Verlag, 
Berlin, Germany. 

 
Dahms, H.-U. 1990. Salinity, temperature, pH tolerance and grain-size preference of 

Paramphiascella fulvofasciata (copepoda, harpacticoida). Biol Jb Dodonaea 
58:48-62. 

 
Drake, P., A. M. Arias, F. Baldo, J. A. Cuesta, A. Rodriguez, A. Silva-Garcia, I. Sobrino, 

D. Garcia-Gonzalez, and C. Fernandez-Delgado. 2002. Spatial and temporal 
variation of the nekton and hyperbenthos from a temperate European estuary 
with regulated freshwater inflow. Estuaries 25:451-468. 

 
Environmental Consulting & Technology. 2002. Lower St. Johns River Salinity Regime 

Assessment: Effects of Upstream Flow Reduction near DeLand.  St. Johns River 
Water Management District. Special Publication SJ2004-SP29. 

 
Estevez, E. D. 2002. Review and assessment of biotic variables and analytical methods 

used in estuarine inflow studies. Estuaries 25:1291-1303. 
 
Evans D.L., D.G. Strom, J. Higman,  E. Hughes, E. A. Hoover, and L. M. Line2004. An 

evaluation of benthic macroinvertebrate data from 20 surface water sites within 
the Lower St. Johns River basin.  St. Johns River Water Management District.  
Special Publication SJ2004-SP41. 

 
Evans D.L and J. Higman. 2001. Benthic macroinvertebrate data from 20 surface water 

sites within the Lower St. Johns River basin.  St. Johns River Water Management 
District. Special Publication SJ2001-SP9. 

 



 

 

Ferraris, J. D., K. Fauchald, and B. Kensley. 1994. Physiological responses to 
fluctuation in temperature or salinity in invertebrates - Adaptations of Alpheus 
viridari (Decapoda, Crustacea), Terebellides parva (Polychaeta) and Golfinigia 
cylindrata (Sipunculida) to the mangrove habitat. Mar Biol 120:397-406. 

 
Finney, C. M. 1979. Salinity Stress in Harpacticoid Copepods. Estuaries 2:132-135. 
 
Flannery, M. S., E. B. Peebles, and R. T. Montgomery. 2002. A percent-of-flow 

approach for managing reductions of freshwater inflows from unimpounded rivers 
to Southwest Florida estuaries. Estuaries 25:1318-1332. 

 
Kalke, R. D., and P. A. Montagna. 1991. The effect of freshwater inflow on 

macrobenthos in the Lavaca River Delta and Upper Lavaca Bay, Texas. Contrib 
Mar Sci 32:49-71. 

 
Keiser, R. K., and D. V. Aldrich. 1973. Gradient apparatus for study of salinity 

preference of small benthic and free swimming organisms. Contrib Mar Sci 
17:153-162. 

 
Kim, H.-C., and P.A. Montagna.  2008.  Implications of Colorado River freshwater inflow 

to benthic ecosystem dynamics: a modeling study.  Est Coast Shelf Sci. In press. 
 
Kinne, O. 1971. Invertebrates. Pages 821-995 in H. Barnes, editor. Marine ecology. 

Wiley-Interscience, New York. 
 
Kowalewski, M., G. E. A. Serrano, K. W. Flessa, and G. A. Goodfriend. 2000. Dead 

delta's former productivity: Two trillion shells at the mouth of the Colorado River. 
Geology 28:1059-1062. 

 
Lercari, D., O. Defeo, and E. Celentano. 2002. Consequences of a freshwater canal 

discharge on the benthic community and its habitat on an exposed sandy beach. 
Marine Pollution Bulletin 44:1397-1404. 

 
Longley, W. L., editor. 1994. Freshwater inflows to Texas bays and estuaries: ecological 

relationships and methods for determination of needs. Texas Water Development 
Board and Texas Parks and Wildlife Department, Austin, Texas. 386 pp. 

 
Ludwig, J.A. and J.F Reynolds. 1988. Statistical Ecology: a Primer on Methods and 

Computing, John Wiley and Sons, New York. 
 
Mason W.T. Jr. 1998. Macrobanthic Monitoring un the Lower St. Johns River Florida. 

Environmental Monitoring and Assessment 50: 101-130. 
 
 



 

 

Mattson, R. A. 2002. A resource-based framework for establishing freshwater inflow 
requirements for the Suwannee River estuary. Estuaries 25:1333-1342. 

 
McLeod, R. J., and T. R. Wing. 2008. Influence of an altered salinity regime on the 

population structure of two infaunal bivalve species. Est Coast Shelf Sci 78:529-
540. 

 
Montagna, P.A. 2008.  Long-term response of benthic organisms to freshwater inflow in 

Texas coastal bend estuaries.  Final Report to Texas Parks and Wildlife 
Department. Available at: 
http://harteresearchinstitute.org/montagna/publications.html 

 
Montagna, P. A., M. Alber, P. Doering, and M. S. Connor. 2002a. Freshwater inflow: 

science, policy, management. Estuaries 25:1243-1245. 
 
Montagna, P.A., R.D. Kalke, and C. Ritter. 2002. Effect of restored freshwater inflow on 

macrofauna and meiofauna in upper Rincon Bayou, Texas, USA. Estuaries 
25:1436-1447. 

 
Montagna, P.A., E.D. Estevez, T.A. Palmer, and M.S. Flannery. 2008. Meta-analysis of 

the relationship between salinity and molluscs in tidal river estuaries of southwest 
Florida, U.S.A. American Malacological Bulletin 24: 101-115. 

 
Montagna, P.A. and R.D. Kalke.  1992.  The Effect of Freshwater Inflow on Meiofaunal 

and Macrofaunal Populations in the Guadalupe and Nueces Estuaries, Texas.  
Estuaries 15:307-326. 

 
Montagna, P.A. and R.D. Kalke.  1995.  Ecology of infaunal Mollusca in south Texas 

estuaries.  American Malacological Bulletin, 11:163-175. 
 
Montagna, P. A., R. D. Kalke, and C. Ritter. 2002b. Effect of restored freshwater inflow 

on macrofauna and meiofauna in upper Rincon Bayou, Texas, USA. Estuaries 
25:1436-1447. 

 
Montagna, P.A., and J. Li.  1996.  Modeling And Monitoring Long-Term Change In 

Macrobenthos In Texas Estuaries.  Final Report to the Texas Water 
Development Board.  University of Texas at Austin, Marine Science Institute, 
Technical Report No. TR/96-001,  Port Aransas, Texas, 149 pp.  Available at: 
http://harteresearchinstitute.org/montagna/docs/TWDB1996.pdf 

 
Montagna, P. A., J. Li, and G. T. Street. 1996.  A conceptual ecosystem model of the 

Corpus Christi Bay National Estuary Program study area.  Publication CCBNEP-
08.  Available at: http://cbbep.org/publications/virtuallibrary/ccbnep08.pdf 

 



 

 

Montague, C. L., and J. A. Ley. 1993. A possible effect of salinity fluctuation on 
abundance of benthic vegetation and associated fauna in northeastern Florida 
Bay. Estuaries 16:703-717. 

 
Normant, M., and I. Lamprecht. 2006. Does scope for growth change as a result of 

salinity stress in the amphipod Gammarus oceanicus? Journal of Experimental 
Marine Biology and Ecology 334:158-163. 

 
Olsen, S. B., T. V. Padma, and B. D. Richter. 2007. Managing freshwater inflows to 

estuaries: a methods guide. US Agency for International Development, 
Washington, D.C.  Available at: 
http://www.nature.org/initiatives/freshwater/files/methodsguidev61.pdf 

 
Pearson, T.H. and R. Rosenberg. 1978. Macrobenthic succession in relation to organic 

enrichement and pollution in the marine environment.  Oceanogr. Mar.Biol. Ann. 
Rev. 16:229-311. 

 
Pollack, J.B., Montagna, P.A., and J. Kinsey. In prep.  Long-term benthic macrofaunal 

changes along a salinity gradient and development of the Freshwater Inflow 
Biotic Index (FIBI). 

 
Powell, G. L., J. Matsumoto, and D. A. Brock. 2002. Methods for determining minimum 

freshwater inflow needs of Texas Bays and estuaries. Estuaries 25:1262-1274. 
 
Rhoads, D.C., P.L. McCall, and J.Y. Yingst. 1978. Disturbance and production on the 

estuarine seafloor.  Amer. Sci. 66:577-586. 
 
Riera P., P. A. Montagna, R. D. Kalke and P. Richard.  2000.  Utilization of estuarine 

organic matter during growth and migration by juvenile brown shrimp Penaeus 
aztecus in a South Texas estuary.  Mar. Ecol. Prog. Ser. 199:205-216. 

 
Rodriguez, C. A., K. W. Flessa, and D. L. Dettman. 2001. Effects of upstream diversion 

of Colorado River water on the estuarine bivalve mollusc Mulinia coloradoensis. 
Conserv Biol 15:249-258. 

 
Rozas, L. P., T. J. Minello, I. Munuera-Fernandez, B. Fry, and B. Wissel. 2005. 

Macrofaunal distributions and habitat change following winter-spring releases of 
freshwater into the Breton Sound estuary, Louisiana (USA). Est Coast Shelf Sci 
65:319-336. 

 
Rutger, S. M., and S. R. Wing. 2006. Effects of freshwater input on shallow-water 

infaunal communities in Doubtful Sound, New Zealand. Mar Ecol Prog Ser 
314:35-47. 

 



 

 

Sagan, J.J. 2007. A Summary of Submerged Aquatic Vegetation (SAV) Status Within 
the Lower St. Johns River: 1996-2007. Draft Report.  St. Johns River Water 
Management District. 

 
Saoud, I. P., and D. A. Davis. 2003. Salinity tolerance of brown shrimp Farfantepenaeus 

aztecus as it relates to postlarval and juvenile survival, distribution, and growth in 
estuaries. Estuaries 26:970-974. 

 
SAS Institute Inc. 2004. SAS/STAT User's Guide: Version 9.1. SAS Institute Inc, Cary, 

North Carolina, 3809 pp. 
 
Sklar, F. H., and J. A. Browder. 1998. Coastal environmental impacts brought about by 

alterations to freshwater flow in the Gulf of Mexico. Environmental Management 
22:547-562. 

 
Soule, D. F. 1988.  Marine organisms as indicators: reality or wishful thinking?  In: 

Soule, D. F. and G. S. Kleppel (eds.) Marine Organisms as Indicators, Springer-
Verlag, New York, pp. 1-11. 

 
Study Commission on Water for Environmental Flows. 2004. Science advisory 

committee report on water for environmental flows.  Prepared for the Study 
Commission on Water for Environmental Flows. Available at: 
http://www.senate.state.tx.us/75r/Senate/commit/c890/downloads/rpt_c890_oct2
004.pdf 

 
Systat. 2006. SigmaPlot 10 Users Manual. Systat Software, Inc., Point Richmond, CA. 
 
Tolan, J.M.  2007.  El Niño-Southern Oscillation impacts translated to the watershed 

scale: estuarine salinity patterns along the Texas Gulf coast, 1982 to 2004.  
Estuarine Coastal and Shelf Science 72:247-260. 

 
Tolley, S. G., A. K. Volety, M. Savarese, L. D. Walls, C. Linardich, and E. M. Everham. 

2006. Impacts of salinity and freshwater inflow on oyster reef communities in 
Southwest Florida. Aquat Living Resour 19:371-387. 

 
Venice System. 1959. Final resolution of the symposium on the classification of 

brackish waters. Archo. Oceanogr. Limnol. 11 (suppl): 243-248. 
 
Zein-Eldin, Z. P. 1963. Effect of salinity on growth of postlarval penaeid shrimp. Biol Bull 

125:188-196. 
 
Zein-Eldin, Z. P., and D. V. Aldrich. 1965. Growth and survival of postlarval Penaeus 

aztecus under controlled conditions of temperature and salinity. Biol Bull 
129:199-216. 



 

 

Table 1.  Selected references - salinity effects on estuarine macrobenthic and epibenthic organisms. 
 

Authors Organism(s) Studied Study 
Location 

Salinity Tolerence Results 

Allan et al. (2006) Caridean shrimp Palaemon 
peringueyi 

South Africa At constant salinity of 35 ppt, respiration rate 
increased with increased temperature.  At 
constant temperature of 15 C, respiration 
rate increased with increased salinity.   

Chadwick & 
Feminella (2001) 

Burrowing mayfly Hexagenia 
limbata 

Alabama, 
USA 

Laboratory bioassays showed that H. limbata 
nymphs could survive elevated salinities 
(LC50 of 6.3 ppt at 18 C, 2.4 ppt at 28 C).  
Similar growth rates at 0,2,4, & 8 ppt. 

Chollett & Bone 
(2007) 

Estuarine macrobenthic 
community  

Venezuela Immediately after heavy rainfall (~25 psu), 
spionid polychaetes showed large increases 
in density & richness versus normal values 
(~41 psu).   

Dahms (1990) Harpacticoid copepod 
Paramphiascella fulvofasciata 

Helgoland 
(Germany) 

After 2 hours, no mortality in salinities of 25-
55 ppt.  Almost all displayed dormant 
behavior < 20 ppt and > 55 ppt.  

Drake et al. (2002) Estuarine macrobenthic 
community  

Spain Species richness, abundance, and biomass 
decreased in the upstream direction, 
positively correlated with salinity. Highly 
significant spatial variation in macrofaunal 
communities along the salinity gradient. 
Salinity range: 0-40 ppt. 



 

 

Authors Organism(s) Studied Study 
Location 

Salinity Tolerence Results 

Ferraris et al. (1994) Snapping shrimp Alpheus 
viridari, Polychaete Terebellides 
parva, sipunculan Golfingia 
cylindrata 

Belize Organisms subjected to acute, repeated 
exposure to 25, 35, or 45 ppt.  A. viridari 
hyperosmotic conformer at decreased 
salinity, but osmoconformer at increased 
saliniry.  G. cylindrata always 
osmoconformer.  T. parva always 
osmoconformer; decreased surviv 

Finney (1979) Harpacticoid copepods 
Tigriopus japonicus, Tachidius 
brevicornis, Tisbe sp.  

Maryland, 
USA 

All species tested for response to salinities 
from 0-210 ppt.  Tigriopus became dormant 
at 90 ppt died at 150 ppt.  Tachidius became 
dormant at 60 ppt, died at 150 ppt.  Tisbe 
died shortly after exposure to 45 ppt.   

Lercari et al. (2002) Sandy beach macrobenthic 
community  

Uruguay Abundance, biomass, species richness, 
diversity & evenness significanty increased 
from salinity of ~6 ppt to salinity of ~25 ppt.   

Kalke & Montagna 
(1991) 

Estuarine macrobenthic 
community  

Texas, USA Chironomid larvae & polychaete Hobsonia 
florida: increased densities after freshwater 
inflow event (1-5 ppt).  Mollusks Mulinia 
lateralis & Macoma mitchelli: increased 
densities & abundance during low flow event 
(~20 ppt).  Streblospio benedicti & Medioma 

Keiser & Aldrich 
(1973) 

Postlarval brown shrimp 
Penaeus aztecus 

Texas, USA Shrimp selected for salinities between 5-20 
ppt.  

McLeod & Wing 
(2008) 

Bivalves Austrovenus 
stutchburyi & Paphies australis 

New Zealand Sustained exposure (> 30 d) to salinity < 10 
ppt significantly decreased survivorship. 



 

 

Authors Organism(s) Studied Study 
Location 

Salinity Tolerence Results 

Montagna et al. 
(2002b)  

Estuarine macrobenthic 
community 

Texas, USA Macrofauna increased abundances, biomass 
& diversity with increased inflow; decreased 
during hypersaline conditions.  Macrofaunal 
biomass & diversity had nonlinear bell-
shaped relationship with salinity: maximum 
biomass at ~19 ppt, maxiumum diversity at ~ 

Montagna et al. 
(2008) 

Southwest Florida mollusc 
communities 

Florida, USA Corbicula fluminea, Rangia cuneata, & 
Neritina usnea only species to occur < 1 psu.  
R. cuneata good indicator of mesohaline 
salinity zones with tolerence to 20 psu.  
Gastropod N. usnea common in fresh to 
brackish salinities.  Polymesoda caroliniana 
prese 

Montague & Ley 
(1993) 

Submersed vegetation & 
benthic animals 

Florida, USA Mean salinity ranged from ~11-31 ppt.  
Standard deviation of salinity was best 
environmental correlate of mean plant 
biomass and benthic animal diversity. Less 
biota at stations with greater fluctuations in 
salinity.  For every 3 ppt increase in standard  

Normant & 
Lamprecht (2006) 

Benthic amphipod Gammarus 
oceanicus 

Baltic Sea Low salinity basin (5-7 psu).  Physiological 
performance examined from 5-30 psu.  
Feeding & metabolic rates decreased with 
increasing salinity; nutritive absorption 
increased.  Faeces productoin & ammonia 
excretion rates decreased strongly from 
lowest to  



 

 

Authors Organism(s) Studied Study 
Location 

Salinity Tolerence Results 

Rozas et al. (2005) Estuarine macrobenthic 
community 

Louisiana, 
USA 

Increased density and biomass with 
increases in freshwater inflow and reduced 
salinities.  Salinity ranged from 1-13 psu.  

Rutger & Wing 
(2006) 

Esturaine macroinfaunal 
community 

New Zealand Infaunal community in low salinity regions (2-
4 ppt) showed low species richness & 
abundance of bivalves, decapods, & Orbiniid 
polychaetes, but high abundance of 
amphipods & Nereid polychaetes compared 
to higher salinity regions (12-32 ppt).   

Saoud & Davis 
(2003) 

Juvenile brown shrimp 
Farfantepenaeus aztecus 

Alabama, 
USA 

Growth significantly higher at salinities of 8 & 
12 ppt than at salinities of 2 and 4 ppt.   

Tolley et al. (2006) Oyster reef communities of 
decapod crustaceans & fish 

Florida, USA Upper stations (~20 ppt) and stations near 
high-flow tributaries (6-12 m3 s-1) were 
typified by decapod Eurypanopeus 
depressus & gobiid fishes. Downstream 
stations (~30 ppt) and stations near low-flow 
tributaries (0.2-2 m3 s-1) were typified by 
decapods E 

Zein-Eldin (1963) Postlarval brown shrimp 
Penaeus aztecus 

Texas, USA In laboratory experiments with temperatures 
24.5-26.0 C, postlarvae grew equally well 
in salinities of 2-40 ppt.   

Zein-Eldin & Aldrich 
(1965) 

Postlarval brown shrimp 
Penaeus aztecus 

Texas, USA In laboratory experiments with temperatures 
< 15 C, postlarval survivial decreased in 
salinities < 5 ppt.  

 



 

 

 

 

Table 2.  Linear correlations between sediment and hydrologic principal component factor scores and biological 
variables in the Lavaca-Colorado Estuary from Pollack et al. (In prep.). .  Abbreviations: r = Pearson product 
correlation coefficient, P = probability of the null hypothesis, and n = number of sample pairs. 
 

Benthic Metric 
Sediment   Water Column 

PC1 PC2  PC1 PC2 

Biomass (g m-2) -0.166 0.406  -0.164 -0.305 
 0.510 0.094  0.075 0.001 
 18 18  119 119 
      
Abundance (n m-2) -0.290 0.311  -0.055 0.059 
 0.242 0.209  0.556 0.525 
 18 18  119 119 
      
Diversity (N1) 0.055 0.445  -0.289 -0.407 
 0.829 0.064  0.001 <.0001 
 18 18  119 119 
      
Diversity (H') 0.159 0.452  -0.310 -0.408 
 0.528 0.060  0.001 <.0001 
 18 18  119 119 
      
Evenness (J') 0.193 0.291  -0.208 0.122 
 0.442 0.242  0.023 0.187 
 18 18  119 119 
      
FIBI PC1 0.320 0.179  -0.198 -0.068 
 0.196 0.478  0.033 0.464 
 18 18  117 117 
      
FIBI PC2 -0.302 0.386  -0.150 -0.515 

 0.222 0.114  0.106 <.0001 
  18 18  117 117 



 

 

Table 3.  Range of sampling dates and number of samples taken inside and outside the grass beds at each station (in 
Fig. 8).  N = number of samples. 
 

Station Substrate 

Water Quality Macrofauna 

First sampling 
date 

Last 
sampling 

date 

N First sampling 
date 

Last 
sampling 

date 

N 

Bolles School Inside Grass bed 06Oct97 05Mar08 236 25Aug03 17Feb07 13 
Buckman Bridge Inside Grass bed 06Oct97 05Mar08 243 20Aug03 31Mar07 30 
Crescent Lake Inside Grass bed 08Oct97 20Mar08 246 09Sep03 20Dec06 4 
Doctors Lake Inside Grass bed 07Oct97 05Mar08 242 11Sep03 13May05 8 
Moccasin Slough Inside Grass bed 07Oct97 05Mar08 237 20Aug03 21Jun07 10 
Orangedale Inside Grass bed 05Jan00 03Mar08 57 20Mar07 23May07 2 
Rice Creek Inside Grass bed 08Oct97 22Sep04 163 13Aug03 30Apr07 31 
Scratch Ankle Inside Grass bed 07Oct97 03Mar08 246 08Aug03 31May07 10 
Bolles School Outside Grass bed 06Oct97 20Mar02 86 25Aug03 10Aug07 13 

Buckman Bridge Outside Grass bed 06Oct97 15Dec99 56 20Aug03 10Aug07 23 
Crescent Lake Outside Grass bed 08Oct97 18Mar02 111 09Sep03 24May07 14 
Doctors Lake Outside Grass bed 07Oct97 20Mar02 124 11Sep03 10Aug07 11 
Moccasin Slough Outside Grass bed 07Oct97 15Dec99 66 20Aug03 10Aug07 15 
Orangedale Outside Grass bed - - - 20Mar07 20Mar07 1 
Rice Creek Outside Grass bed 08Oct97 18Mar02 105 13Aug03 27Aug07 36 
Scratch Ankle Outside Grass bed 07Oct97 18Mar02 111 08Aug03 31May07 12 

Bolles School Unknown - - - 31May02 29May03 5 
Buckman Bridge Unknown - - - 26Apr02 25Jun03 11 
Crescent Lake Unknown - - - 31May02 31May03 6 
Doctors Lake Unknown - - - 07Jun02 29May03 5 
Moccasin Slough Unknown - - - 31May02 20May03 5 
Rice Creek Unknown - - - 07Jun02 30Jun03 12 

Scratch Ankle Unknown - - - 16May02 06May03 5 

 

  



 

 

 

Table 4.  Salinity modifiers used in a salinity classification system (Venice System 1959 modified and adapted from 
Cowardin et al. 1979).  
 

Coastal Modifiersa Inland Modifiersb 
Salinity 

(ppt or psu) 
Specific Conductance 

(µMhos at 25°C) 

Hyperhaline Hypersaline >40.0 >60,000 

Euhaline Eusaline 30.0-40.0 45,000-60,000 

Mixohaline (Brackish) Mixosalinec 0.5-30.0 800-45,000 

Polyhaline Polysaline 18.0-30.0 30,000-45,000 

Mesohaline Mesosaline 5.0-18.0 8,000-30,000 

Oligohaline Oligosaline 0.5-5.0 800-8,000 

Fresh Freshwater (Limnetic) <0.5 <800 

aCoastal modifiers are used in the marine and estuarine systems. 

bInland modifiers are used in the riverine, lacustrine, and palustrine systems. 

cThe term ―Brackish‖ should not be used for inland wetlands or deepwater habitats. 

 

 

 



 

 

Table 5.  Mean water quality variable values for each SAV station (in Fig. 8) between August 2003 and August 2007. 
 
 

Variable Units 

Station 

Bolles 
School 

Buckman 
Bridge 

Crescent 
Lake 

Doctors 
Lake 

Moccasin 
Slough 

Orangedale 
Rice 

Creek 
Scratch 
Ankle 

Alkalinity mg l-1 66.8 63.8 32.6 62.1 62.3 72.1 78.4 68.8 

Chl-a mg m-3 10.9 10.1 24.6 35.1 9.6 18.2 25.6 21.8 

Chl-b mg m-3 -0.45 -0.40 -1.46 -1.36 -0.59 -1.13 -1.10 -1.03 

Chl-c mg m-3 0.71 0.76 1.16 2.73 0.5 0.81 1.36 1.2 

Color cpu 121.8 124.5 348.0 92.2 127.3 43.2 175.0 134.2 

Dissolved 
Oxygen 

mg l-1 7.88 7.83 8.09 7.93 8.02 8.15 6.88 8.03 

Depth m 1.02 1.02 1.00 1.01 1.03 1.37 0.99 1.00 

Ammonium mg l-1 0.02 0.02 0.02 0.02 0.03 0.01 0.02 0.01 

Nitrate + Nitrite mg l-1 0.18 0.14 0.09 0.05 0.12 0.03 0.04 0.06 

Phosphate mg l-1 0.06 0.06 0.04 0.02 0.05 0.03 0.02 0.02 

Salinity ppt 4.21 3.32 0.23 2.41 2.47 2.60 0.45 0.55 

Secchi m 0.69 0.72 0.45 0.64 0.71 0.82 0.50 0.62 

Silicate mg l-1 3.80 3.71 4.23 3.72 3.79 1.87 5.11 3.86 

Temperature deg C 22.7 22.7 23.1 23.1 22.8 22.6 23.6 22.5 

Turbidity ntu 7.40 6.31 6.49 7.02 5.71 5.92 10.67 6.59 

TSS mg l-1 10.4 9.5 10.5 11.2 8.0 11.9 11.8 10.9 

Total 
Phosphorus 

mg l-1 0.09 0.08 0.06 0.04 0.07 0.05 0.03 0.03 

pH  7.82 7.80 7.79 8.07 7.84 7.89 7.81 8.05 

 
 



 

 

 

 

 

 

Table 6.  St. Johns River oligohaline macrobenthic indicators.  B = bivalves, P = 
polychaetes. 
 

Indicators 

Salinity Zone 

0.3 ppt 
Crescent Lake 

0.4 - 0.6 ppt 
Rice Creek/ 

Scratch Ankle 

20. - 3.9 ppt 
All Other Stations 

Species  Rangia cuneata (B) Marenzelleria viridis (P) 
Laeonereis culveri (P) 
Polymesoda caroliniana (B) 
Rangia cuneata (B) 
 

Higher Taxa No bivalves  More polychaetes 
More bivalves 

 
 



 

 

 

Figure 1.  The effects of altered freshwater inflow to coastal ecosystems include 
changes in hydrology, nutrient & sediment input, and salinity regimes, and losses of 
habitat, biodiversity, and productivity (from Montagna et al. 1996). 



 

 

Figure 2.  Locations of long-term sampling stations in central Texas estuaries (from 
Montagna 2008). 

 



 

 

Figure 3.  Principal component analysis (PCA) showing relationships between 
environmental variables in Lavaca-Colorado Estuary, Texas (from Pollack et al. In 
prep.).  Principal components 1 and 2 (PC 1 and PC 2) explained 47% and 20% of the 
variance. Sal, DIN, PO4, SiO4 and Chl represent salinity, dissolved inorganic nitrogen 
(sum of nitrate, nitrite and ammonium), phosphate, silicate, and chlorophyll, 
respectively. DO and Temp represent dissolved oxygen and temperature, respectively. 
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Figure 4.  Predicted percent change from mean biomass for both deposit and 
suspension feeders (solid circles) based on changes (–50 % to 50 %) of long-term 
mean salinity and nutrients in (a) Lavaca Bay and (b) Matagorda Bay (from Kim & 
Montagna 2008).  The error bars represent the standard error.  The number of 
simulated data points during 1988 – 2005 was 69 data points for Lavaca and 72 for 
Matagorda Bay. The long-term mean salinity is 15.1 for Lavaca Bay and 24.1 for 
Matagorda Bay, and these values represent long-term mean salinity with 0% change.  
The long-term mean biomass for all feeders was 2.36 g dw m-2 for Lavaca Bay, and 
12.78 g dw m-2 for Matagorda Bay, respectively, and these values represent long-term 
mean biomass under 0 % of salinity.  Labels the X-axis represent salinity in % and 
corresponding changes in nutrients are not shown here but were considered in the 
model simulations.  Dashed lines represent the position of reference simulation (0 % 
change). 



 

 

Figure 5. .  Macrofauna community response as a function of salinity in Rincon Bayou, 
Texas (from Montagna et al. 2002b).  Abundance (A), biomass (B), and N1 diversity (C).  
Nonlinear response to salinity (solid line) at each time period.  Circles represent periods 
of rising salinity and diamonds represent periods of falling salinity.  Dashed line is not 
significant. 
  

 



 

 

Figure 6.  Cumulative inflow versus macrofaunal biomass in Rincon Bayou, Texas from 
Montagna et al. (2002b).  Circles (○) represent periods of rising salinity and diamonds 

(♢) represent periods of falling salinity. 
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Figure 7.  Mollusc species abundances versus salinity in southwestern Florida estuaries 
from Montagna et al. (2008). 



 

 

Figure 8.  Locations and mean salinities of stations analyzed in St. Johns Estuary. 

  

 



 

 

Figure 9.  Non-metric Multi-dimensional Scaling plot of SAV stations (in Fig. 8) labeled 
by station and substrate type; inside (In) and outside (Ou) grass beds.  Similarity 
contours from cluster analysis are overlaid. 



 

 

Figure 10.  Principal Components Analysis plots of physical variables in St Johns 
Estuary. A) variable loading scores and B) station scores. 



 

 

 

Figure 11.  Salinity versus A) Abundance and B) Hills N1 diversity in St. Johns Estuary. 

 



 

 

Figure 12.  Modeled 5th, 50th and 95th percentiles of bottom salinity (ppt) and location of 
SAV stations in St Johns Estuary. 
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Introduction 

Submerged aquatic vegetation (SAV) is an important resource in the St. Johns River.  SAV 

serves as refuge for juvenile fish, provides spawning habitat, anchors sediment, competes with 

phytoplankton for nutrients, and serves as food for manatees, turtles, and waterfowl.  Anecdotal 

information suggests that historical levels of SAV may have been reduced by anthropogenic 

activities such as:  channel dredging, shoreline armoring, dock construction, and anthropogenic 

pollution inputs.  Additional surface water withdrawals also have the potential to affect SAV.  As 

a habitat critical to the health and function of the river, impacts to the SAV would affect many 

other components of the ecosystem. 

Eleven species of SAV occur in mixed beds throughout many areas of the St. Johns River.  The 

dominant SAV species found in the river and their life histories are reviewed in Appendix 6-2 of 

this report.  In addition, the relationships between physical, chemical and biological factors that 

may be affected by the proposed water withdrawals in this system and SAV communities types 

that are found here are also examined in Appendix 6-2.  

This report examines littoral zone conditions within the mainstem of the St. Johns River.  

Because a healthy and intact littoral area in the river is generally well covered with SAV, we 

have chosen to use SAV as the primary indicator of littoral condition.  The primary mechanisms 

of interest are the direct and indirect effects of hydrologic alterations on SAV condition.  These 

hydrologic effects will be examined in this report.  SAV communities display a complex set of 

direct and indirect interactions with physical, chemical and biological properties of the St. Johns 

River ecosystem (Fig. 6-1). 
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Figure 6-1.  A conceptual diagram showing important biotic and abiotic interactions that influence SAV.  

PAR is Photosynthetically Active Radiation and CDOM is Colored Dissolved Orgamic Matter 

Surface water withdrawals can be expected to have both direct and indirect effects upon the SAV 

in the river through these interactions.  Direct effects include physical changes to the water 

column including flow velocities, stage, and hydrologic residence time.  Indirect effects include 

water quality changes influenced by hydrologic alterations including saltwater intrusion, 

increased algal production, nutrient concentration, and light availability.   

In this phase I report, a list of possible impacts to SAV because of surface water withdrawals are 

identified.  These potential impacts are then prioritized according to likelihood of occurrence 

based on professional judgment, literature review, and analysis of existing data.  Impacts were 

then prioritized with respect to priority, based predominantly on the perceived severity of the 

impact.  The comprehensive list of possible impacts, the likelihood, and priority ranking are 

summarized in Appendix 6-1.  The table also shows columns for critical ecological and 

hydrological thresholds for healthy SAV condition in the system but these boxes will be 

populated during the phase II work.  The body of this report evaluates the impacts and indicates 
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those impacts that will receive additional consideration during phase II of the project.  Finally, 

gaps in information as well as further research and analyses needed to assess more completely 

the effects of water withdrawals on SAV in the littoral zone are presented. 

SAV Status and Trends 

SAV is ubiquitous throughout the river.  The SJRWMD has monitored SAV in the mainstem of 

the lower river and two offline lakes (Doctors Lake and Crescent Lake) since 1998.  There were 

two distinct monitoring efforts consisting of a large number of transects sampled annually and a 

smaller set of sites that were monitored either quarterly or monthly coinciding with water quality 

monitoring.  The first monitoring effort was designed to identify inter-annual changes while the 

second effort was designed to detect seasonal patterns and inter-relationships with water quality 

changes.  Little or no monitoring of SAV of a similar duration or intensity has been conducted in 

other areas of the St. Johns River, including the Lake George basin, Lakes Dexter and Woodruff, 

and the middle and upper basins of the mainstem river. 
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Figure 6-2.  Map of the Lower St. Johns River Basin showing ecozones, important bridges, and gauging 

stations.  Polyhaline Riverine 0-40 km; Mesohaline Lacustrine 40-65 km; Oligohaline Lacustrine 65-130 

km; and Freshwater Riverine 130-162 km. 
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St. Augustine

Buckman Bridge
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Results from the last decade of SAV monitoring were compiled in Sagan (2007).  In general, 

SAV beds in the mesohaline section (Fig 6-2) of the river have receded over the past decade in 

association with two severe droughts and concomitant salt water intrusion (Fig 6-3A).  SAV in 

the oligohaline lacustrine section of the river has remained relatively stable throughout the period 

(Fig 6-3B).  Within the freshwater riverine section of the lower basin, SAV declined through 

2006 but recovered in 2007(Fig 6-3C).  SAV in the freshwater riverine section of the river tends 

to be light limited.  Increased rainfall caused increased colored dissolved organic matter 

(CDOM) inputs and higher light attenuation during 2004-05.  However, the return of drought 

conditions in 2006-07 again reduced CDOM inputs and increased light availability.  An 

important finding was that SAV in the river diametrically oscillates on either side of the 

meso/oligohaline boundary (Sagan 2007).  During drought, increased salinity downstream 

negatively affects SAV while decreased color upstream positively affects SAV.  In contrast, wet 

periods positively affect SAV downstream by relieving salinity stress and negatively affect SAV 

upstream by increasing color and light attenuation.  While these are fundamentally natural 

drought cycles, anthropogenic effects have likely changed the location and timing of the 

freshwater/marine interface.  Thus, critical water quality constituents are likely to change along 

the estuarine gradient due both to natural and anthtopogenic changes. 
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Figure 6-3.  Mean grassbed length (distance) from the shoreline for each ecozone in the lower St. Johns 

River.  Monitoring was not performed in 1999. 

As noted previously, minimal to no SAV monitoring has been performed in regions of the river 

upstream of the lower basin, and very little quantitative information exists regarding spatial 

distribution of the SAV community.  SAV coverage in Lake George and Lakes Dexter and 
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Woodruff is extensive.  The District recently completed mapping of SAV communities in 

selected spring run streams in the middle river region (Wekiva River, Juniper Creek, Alexander 

Spring Creek).  Two of the three lakes in the middle basin of the river, Lakes Monroe and Jesup, 

have little or no SAV.  Limited revegetation efforts have taken place in each lake but have not 

resulted in notable recruitment.  In contrast, Lake Harney appears to have a relatively healthy 

SAV community, based on SJRWMD field staff reports.  Recently, Seminole county has 

undertaken a baseline SAV survey for middle basin lakes (Gloria Eby,  Senior Environmental 

Scientist, Seminole County Water Quality Section,  pers. Comm.); however, those results are not 

yet available.  Scattered patches of SAV are found in shallow littoral areas of the main channel 

of the St. Johns River throughout the middle basin.  Upper Basin lakes and waterways have SAV 

communities present; but there, too, no quantitative information has been collected.  The 

working group will identify and collect SAV monitoring information during Phase II. 

Water Quality 

Salinity 

The salinity regime in the oligo- and mesohaline sections of the river is highly dynamic and 

stochastic (Fig.6-4).  Large-scale salinity patterns in the river are largely driven by climatic 

effects on the ocean, prevailing wind patterns acting on the river, and river discharge (SJRWMD 

2004, SJRWMD 2007, and references therein). For this report discharge data were obtained from 

U.S. Geological Survey (USGS) database for Buffalo Bluff (site # 02244040).  High frequency 

salinity data for the river was obtained from USGS sites at the Buckman (site # 

301124081395901) and Dames Point bridges (site # 295856081372301; Fig. 6-2).  Salinity 

values used in this report were calculated using the Practical Salinity Scale (PSS).  Since the PSS 

is defined as a ratio, there are no units. 

 As discharge may, at times,  be affected by withdrawals, the linkage between discharge, salinity, 

and subsequent SAV effects must be explored. 
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Figure 6-4.  Time series graph of surface salinity at the Dames point Bridge and Buckman 

Bridge.  Salinity from October 2003-April 2008 was not monitored at the Buckman Bridge.  

Salinity data for that period were obtained from a SJRWMD ambient WQ site, MP72. 

Salinity levels can vary quite dramatically at all temporal scales in the river, particularly in 

estuarine reaches.  To examine potential salinity fluctuations at varying temporal scales the 

hourly salinity data set collected at Buckman Bridge was used (Fig. 6-4).  Maximum daily 

variation was 10.5 and monthly was 10.6.  Thus, daily salinity fluctuations can be as large as 

seasonal fluctuations, unlike most other seasonally dominated estuaries.  In fact, there is no 

discernable seasonal pattern (Fig. 6-4).  For example, the top-ranked 50 daily salinity 

fluctuations occurred in all months of the year.  Therefore, SAV is subject to abrupt changes in 

salinity during all times of the year. 

However, both average salinity levels and the degree of salinity fluctuation are related to 

discharge, as well as numerous other parameters.  Mean monthly salinity decreases with 

increasing discharge (Fig. 6-5). 
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Figure 6-5.  Mean monthly salinity as a function of corresponding mean monthly discharge 

measured at the Buffalo Bluff USGS gauging station (145 km). 

Thirty-day mean salinity is within SAV tolerance limits when mean monthly discharge exceeds 

4100 cfs (116 m
3
 s

-1
).  Similarly, mean monthly salinity fluctuation also decreases with 

increasing discharge (Fig. 6-6).  There is a notable decline in salinity variability when mean 

monthly discharge exceeds 5000 cfs (142 m
3
 s

-1
).  In essence, there appears to be sufficient 

quantities of water at discharges > 4000-5000 cfs (113-142 m
3
 s

-1
) to overcome saltwater 

intrusion caused by stochastic weather events.  The number of days per year with discharges 

>4000 CFS during 1993-2007 ranged from 103-292 days. 
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Figure 6- 6.  Mean monthly salinity fluctuation, or inter-day maximum-minimum differences, as 

a function of corresponding mean monthly discharge measured at the Buffalo Bluff USGS 

gauging station. 

Hydrologic conditions may also be important in determining how similar salinity levels are 

between the channel and the littoral areas.  While large swings in salinity were observed at the 

Buckman Bridge in the center of the river channel, these swings may not be as extreme in the 

littoral areas.  High frequency salinity data has not been measured in the littoral areas.  However, 

the hydrodynamic water quality model shows smaller magnitude swings in near shore model 

cells.  Model data for the same Buckman Bridge region showed maximum daily channel 

fluctuations of 10.8 while a corresponding littoral model cell showed fluctuations of only 4.3 .  It 

is possible that density gradients, bottom friction, and littoral ground- and surface water inputs 

may ameliorate some of saltwater incursions seen in the deeper center channel.  However, as a 

conservative approach, mid-channel salinity values can be used to gage salinity effects. 

Salinity effects appear to be influenced by ambient light conditions.  Increased salinity levels 

impose a metabolic cost to the plant.  This additional metabolic overhead will be detrimental to 

the plant if the energy budget is already constrained by light availability and/or photosynthetic 

capacity.  Salinity tolerance will ultimately be lower in light limited conditions.  Conversely, 

increasing light may increase the salinity tolerance of a plant.  For example, French and Moore 
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(2003) found that increased light availability allowed Vallisneria americana to maintain growth 

rates up to salinity levels of 5 (Fig. 6-7).  This interactive effect may be especially important in 

the river in the oligohaline zone where highly colored freshwater meets clearer marine water. 

 

Figure 6-7.  Growth rates of V. americana, measured as a function of rosettes m-1, grown under 

a range of salinity and irradiance levels (French and Moore 2003).  Practical Salinity Units 

(PSU) are calculated from conductivity and temperature measurements. 

Abrupt changes in salinity over daily temporal scales put an extreme level of metabolic stress on 

plants.  When salinity changes occur gradually over sufficient time, aquatic plants can acclimate 

and tolerate higher levels of salinity.  However, changes of salinity of this magnitude over daily 

time frames likely results in overall lower salinity tolerance because of the repeated, acute 

exposures. 

Based on a literature review of both laboratory and field salinity experiments (see Appendix 6-

2), salinity tolerance boundaries for Vallisneria americana in the St. Johns River were 

hypothesized (Table 6-1).  At present, the boundaries in this table serve as rough indicators of 

potential salinity effects when interpreting field data.  Imposing sharply defined thresholds is 

admittedly simplistic given that we are really representing overlapping biological dose-response 
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curves.  The levels in Table 6-1 will be validated using field monitoring data during phase II of 

the project.  Once calibrated, these levels will be used in GIS models to examine potential SAV 

responses to salinity under various levels of water withdrawal.  While exposure and duration are 

addressed in Table 6-1, return frequency is the third axis of salinity affect and will also be 

considered in phase II. 

Table 6-1.  Hypothesized no effect, stress, and mortality levels for a range of salinity exposure 

levels and durations.  Boundaries are uncertain and will be refined during Phase II work. 

 

Nutrient Concentration 

Unlike a conservative constituent such as salinity, nutrients have more complicated controls 

because of biotic controls.  This is particularly true over short time scales due to rapid uptake and 

recycling.  Over longer time scales, however, hydrologic conditions and nutrient loading control 

nutrient concentrations, particularly over annual time scales.  Typically, as mean annual 

discharge increases, ambient concentrations of nutrients increase (Fig. 6-8) caused largely by 

increased loading.  This pattern is likely to be true in most areas of the river where SAV habitat 

might be expected.  Conversely, lower discharge results in lower loading rates and subsequently 

lower ambient concentrations.  While lower concentrations are desirable, in general, this 

outcome is mitigated by the fact that lower discharge results in longer residence times, leading to 

increased nutrient utilization by phytoplankton and higher levels of biomass (see Chapter 4-

plankton chapter). 
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Figure 6-8.  Mean annual nutrient concentrations as a function of mean annual river discharge 

for the freshwater reach of the St. Johns River.  For detailed methodology see Chapter 2 

(hydrology chapter). 

Water withdrawals can affect nutrient concentrations in two ways.  First, if a portion of the water 

withdrawn is returned to the river after treatment, then nutrient concentrations in the returned 

water could be higher than concentrations in the river.  There is a range of possible water 

treatment technologies that could be employed that would have different effects on various water 

quality constituents.  For example, some treatment processes would almost completely remove 

phosphorus from the effluent water.  Most potential treatment processes result in increased 

concentration factors for many constituents, though.  Effluent concentrations are going to be 

difficult to predict until final treatment methodologies are decided.   

Second, if water is removed from a tributary that has lower concentrations than the river, then 

downstream dilution of nutrients will be reduced.A reduction in river flow without a 

proportionate removal of  nutrient loads will effectively increase concentrations downstream.  

This effect would be proportionally greater at low flows.  To estimate the magnitude of this 

effect we removed the total volume of water from the Lower St. Johns River basin freshwater 
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reach of the river and calculated the concentration given the same nutrient load and the smaller 

volume of water.  This conservative analysis suggests that nutrient concentrations could increase 

by 6-23% depending upon mean annual river discharge (Fig. 6-9).  For example, at lower 

discharges current loads would increase concentration by 23% but would only increase 

concentration by 6% at higher discharges due to a greater level of dilution. 

 

Figure 6-9.  Mean annual nutrient concentrations recalculated as the current loads in the annual 

discharge of water reduced by the full MFL-rated surface water withdrawal. 

Moderate changes in nutrient concentrations are unlikely to have direct effects on the SAV.  

Nutrients are already in excess in most areas of the river providing sufficient resources for rooted 

macrophytes.  In addition, rooted macrophytes typically get a large proportion of their nutrients 

from the sediments (see Appendix 6-2), which, in many areas of the river appears to be higher in 

nutrient concentration than the water column (Fig. 6-10).  Various SAV parameters have small, 

but significant, correlations with some nutrient constituents (Table 6-2).  However, it is unclear 

what may be driving these relationships, which may be spurious.  It is doubtful that these are 

direct mechanisms acting on SAV.  Instead, changes in nutrient concentration may be acting on 

phytoplankton or epiphytes and in turn, changing light attenuation. Nutrients may be important 
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in indirect pathways associated with phytoplankton and epiphytic algal production (see Chapter  

“phytoplankton”).  Increases in nutrients and consequent increases in phytoplankton would be 

important in as much as that effect would tend to increase light attenuation.  Possible changes in 

nutrient concentration, especially as they relate to phytoplankton biomass, will be further 

considered by the Phytoplankton Working Group in Phase II. 

 

Figure 6-10.  Comparison of paired nutrient concentrations sampled in shallow groundwater 

within grassbeds and in the overlying water column at Lower Basin SAV monitoring sites. 
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Table 6-2.  Correlation coefficients and p-values for selected SAV 

features. 

 

 Water Quality Constituents 

SAV 

Parameter 

PO4-D TP-D TP-T NOx-D NOx-T TKN-T 

Bare (m) 0.242 

0.013 

0.256 

0.005 

0.233 

0.024 

n.s. n.s. n.s. 

R. maritima 

(m) 

n.s. 0.228 

0.033 

n.s. n.s. n.s. -0.258 

0.004 

Total (m) n.s. -0.224 

0.042 

-0.242 

0.013 

n.s. n.s. n.s. 

% V. 

americana 

n.s. n.s. n.s. 0.270 

0.002 

0.273 

0.036 

n.s. 

% R. maritima 0.255 

0.005 

0.303 

<0.001 

0.224 

0.044 

n.s. n.s. n.s. 

 

 

Light Attenuation 

Light attenuation is mostly driven by colored dissolved organic matter (CDOM), non-algal Total 

Suspended Solids (TSS), and phytoplankton in the water column (Fig. 6-1).  Of the three 

constituents, CDOM has the greatest effect on light attenuation in this system (Appendix 6-2).  

CDOM will be removed in the concentrate returned to the river (Chapter 2).  There may be a 

slight reduction in water color within the reach where effluent water is returned to the river.  As 

with nutrients, this reduction is undetermined at present and will be a function of the treatment 

process used.  Further downstream, local sources of CDOM (e.g., tributary inflows, local runoff) 

determine ambient color levels.  Therefore, upstream reductions in CDOM are not likely to be 

measurable beyond a very limited distance.  However, since CDOM loading is largely regulated 
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by hydrology and it is unknown how hydrologic-CDOM relationships may be affected by water 

withdrawals, particularly at low flows, light attenuation due to color will remain on the list. 

Non-algal TSS can be generated through either watershed runoff or wind-driven resuspension.  

Surface water withdrawals should not affect runoff sources of TSS.  Initial modeling efforts 

suggest that stage reductions will range from several millimeters in the Lower St. Johns River 

Basin to over 40 millimeters in the Middle St. Johns River Basin.  Maximum TSS increases 

because of stage reductions on the order of 3 cm were predicted to be 0.39 mg liter
-1

 in Lake 

Jesup, which has a typical range of 5-200 mg liter
-1

 (Chapter 2-phytoplankton chapter). 

Phytoplankton attenuation may also be an issue.  Discharge is negatively related to 

phytoplankton biomass in the river by through effects on residence time and the degree of 

nutrient utilization (see Chapter 4).  Therefore, if surface water withdrawals artificially increase 

residence time, algal production may increase.  As with TSS, however, phytoplankton 

proportional attenuation is small.  For example, changing chlorophyll concentration from 40 to 

80 µg liter
-1

 increases Kd by 0.8 m
-1

 while changing color from 150 to 300 pcu increases Kd by 

1.7 m
-1

 (Gallegos 2005).  Therefore, nominal increases in phytoplankton biomass are similarly 

unlikely to significantly change light attenuation. 

The most significant attenuator in the river that would be affected by increased nutrient levels is 

likely to be epiphytic material.  Studies suggest that epiphytes can add up to 80% to the water 

column attenuation (Appendix 6-2).  To gage the response of epiphytes to water withdrawals, 

nutrient concentrations, adjusted to reflect the full MFL-rated water withdrawal with no 

attendant reduction in nutrient loading, were used in the Chesapeake Bay epiphyte model (Batiuk 

et al. 2000) to predict epiphyte biomass.  Epiphyte biomass was predicted to increase by 0-5% 

(Fig. 6-11A) and corresponding light at the leaf surface decreased by 9-28% (Fig. 6-11B).  In a 

highly stained and light-limited water body like the St. Johns River, this potential reduction in 

light availability could be important.  Therefore, epiphyte interactions and corresponding light 

attenuation will be further considered in Phase II. 

 



 

 

19 

 

Figure 6-11.  The Chesapeake Bay epiphyte model was used to A) predict changes in epiphytic 

biomass using nutrient concentrations in Fig. 6-9, and B) consequent changes in surface 

photosynthetically active radiation (PAR) at the leaf surface. 
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Hydrology 

Hydrologic changes have the potential to change some of the physical aspects of the SAV 

environment including water temperature, flow velocity, stage, and groundwater inputs.  Water 

temperature can vary in highly localized areas because of spring flows and shaded water courses.  

However, on a regional scale water temperature is driven by solar irradiance and ambient air 

temperature.  Water withdrawals should not alter either local or regional influences upon 

temperature.  . 

Water velocity may be affected by surface water withdrawals, particularly during low flow 

periods.  This would be most pronounced within the river channel downstream of withdrawals; 

although, flow reductions would tend to be ameliorated further downstream as additional 

tributaries enter the channel.  Some species, such as Sagittaria kurziana, colonize fast flowing 

water bodies.  There could be adverse impacts to these species that prefer higher velocity flow if 

they are present in the St. Johns River.  In addition, reductions in flow velocity can change most 

aspects of the stream ecosystem.  At present, there is very little information regarding stream 

velocities in most areas of the river.  Furthermore, as of the date of this report, there is no way to 

predict how surface water withdrawals will affect flow velocities.  Because of this uncertainty, 

flow velocity should remain on the impacts table and be further considered in phase II. 

Another potential hydrologic effect of water withdrawal is reduced stage in water bodies.  As 

mentioned previously, reduced stage could affect SAV by increasing sediment resuspension and 

consequently light attenuation.  However, a direct effect of lowered stage would be exposure and 

desiccation of SAV.  Dessication happens occasionally in the lower basin and is likely to occur 

at times throughout the river (e.g., Lake George littoral area).  Hydrodynamic modeling has 

allowed stage relationships to be explored in the lower and middle basins.  At full MFL-rated 

withdrawals, median stage reductions in the lower basin were predicted to be 3.5-4.5 mm and 

middle basin stages were decreased up to 36 mm (Chapter 2-hydrology).  Additional 

hydrodynamic modeling must be performed to adequately assess changes within the upper basin 

of the St. Johns River.  However, since hydrology is functionally disconnected from the rest of 

the river by the Lake Washington weir, stage will not be considered above the weir.  Given the 

very small anticipated changes in stage throughout the river because of withdrawals, this impact 

will likely not be significant relative to SAV persistence and condition. 



 

 

21 

A final way in which hydrology may affect SAV is through stage effects on ground water inputs 

to the river.  Lower stage results in decreased hydraulic head over spring and ground water 

outputs.  As described above, however, stage changes are predicted to be quite small.  

Preliminary groundwater modeling indicated that these small stage reductions would result in 

nominal changes to discharge much less than 1%.  Given the exceedingly small predicted 

increase in groundwater discharge and lacking a specific mechanism whereby groundwater 

directly affects SAV, this impact is not considered significant and will not be considered in 

Phase II. 

Biological Effects 

A number of biological effects on SAV have been identified.  One of the biological interactions 

involved epiphytic algae colonizing the surface of the SAV (Fig. 6-1).  Light attenuation is the 

primary consequence of this interaction (Appendix 6-2).  The remaining biological effects that 

were identified are largely related to salinity exposure.  Salinity effects can be separated into first 

and second order impacts.  First order impacts cause direct and immediate changes to a plants 

metabolism and condition (Appendix 6-2).  Second order impacts affect population dynamics 

and persistence and have the potential to exhibit positive feedback responses. 

One obvious biological interaction potentially affecting the SAV is grazing.  Primary SAV 

grazers in the St. Johns River include manatees, turtles, and waterfowl.  The littoral zone 

working group has not identified any direct effects of water withdrawal on these grazers.  

Similarly, the most probable indirect effect (i.e., salinity) should be negligible because these 

grazers are largely euryhaline.  There certainly may be other effects on grazers, but those will be 

considered by other working groups.  Grazing will not be considered in Phase II. 

Recent studies indicate the deleterious effects of salinity on the reproductive success of 

Vallisneria americana (Appendix 6-2).  Chesapeake Bay populations of V. americana exhibited 

no flowering or seed production at salinities above 5 (Appendix 6-2).  More importantly, at 

somewhat lower salinities, those seeds that are produced appear to have lower germination 

success as salinity increases (Jarvis and Moore 2008; Appendix 6-2; Fig. 6-12). It is clear that 

these physiological responses to salinity can create a positive feedback loop whereby small 

increases in salinity can dramatically affect replacement rate and ultimately, population 
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persistence in the face of high salinity events.  The potential for this strong response indicates 

that the biological effects of salinity on flowering, seed production, and seed germination need to 

be further considered in Phase II. 

 

Figure 6-12.  V. americana seed germination success as a function of salinity from Jarvis and 

Moore (2008). 

Summary 

From the original list of potential impacts (Appendix 6-1) only several will be moved forward 

for additional consideration in Phase II.  Salinity is arguably one of the most important water 

quality impacts and literally defines the downstream extent of SAV in the river upstream of 

Jacksonville where there is sufficient littoral habitat.  Because we only have a rudimentary 

understanding of both the acute short term and chronic long-term effects, this impact deserves 

additional study.  CDOM is the most important attenuator in the water column and changes will 

affect SAV through light availability and altering salinity tolerance levels.  Because of 

uncertainties regarding withdrawal effects on CDOM concentrations, this impact will be further 

evaluated in Phase II. 
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Another important impact is epiphyte light attenuation.  Since little is know about the epiphytic 

community with respect to environmental controls or interactions with SAV, this too will be 

further evaluated in Phase II.  Similarly, since flow velocity has not been extensively measured 

or modeled, this impact will need additional work in Phase II. 

Finally, there are direct (e.g., productivity) and indirect (e.g., seed viability, reproductive 

success) biological impacts that could be altered because of water withdrawal.  These biological 

impacts are particularly important in determining the resilience of SAV facing additional impacts 

and will be assessed in Phase II. 

Phase II Goals and Objectives 

 In examining SAV responses to water quality changes, it has become clear that SAV 

responds to short-term changes more rapidly than typical monitoring timeframes.  

Therefore, monitoring frequency needs to be increased to evaluate and understand short 

term, acute changes in water quality, particularly salinity. 

 Table 6-1 presents hypothesized salinity thresholds based on a literature review.  Long-

term SAV monitoring data from the Lower St. Johns River Basin will be used to validate 

and/or adjust these hypothesized thresholds.   

 Validated salinity thresholds will be used in conjunction with hydrodynamic/water 

quality model output to predict SAV responses.  GIS will be used to integrate salinity 

levels and SAV thresholds to make spatially explicit SAV coverage predictions under 

probable water withdrawal scenarios. 

 Hydrodynamic/water quality model output and SAV monitoring data will be integrated to 

investigate water withdrawal effects on color levels in the river and subsequent effects 

upon the SAV.  In addition, model output will be used to evaluate interactive effects of 

light and salinity on the SAV community. 

 Routine epiphytic algal monitoring should be initiated in all SAV monitoring programs.  

These data would provide the opportunity to discover and understand environmental 

conditions that promote epiphyte growth and create predictive statistical models. 

 Measure and model flow patterns in sensitive areas of the St. Johns River.  Flow 

measurements and flow modeling are lacking in many areas of the river.  Areas of the 
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river that may be sensitive to flow for biological processes (e.g., fish spawning, 

vegetation patterns) should receive sufficient monitoring to understand how surface water 

withdrawals may affect flow patterns and flow-sensitive biological processes. 

 Additional biological monitoring should be performed in the SAV community.  

Biological functions of the plants, such as flowering rates, productivity, and seed 

germination, have been shown to be affected by salinity levels.  Efforts should be made 

to include measurements of those other functions with the routine SAV monitoring within 

river reaches that may now, or in the future, be subject to salinity incursions. 
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Appendix 6-1. 

Category Impact Priority Likelihood Rationale Ecological 

Criterion 

Ecological 

Boundary 

Hydrologic 

Criterion 

Hydrologic 

Boundary 

Water Quality Increased frequency and duration of 

salinity incursion 

High high Salinity Impairment % Coverage, 

Biomass Index 

No net change Discharge/turnov

er time 

TBD in Phase II 

 Increased salinity concentration High moderate Salinity Impairment % Coverage, 

Biomass Index 

No net change Discharge/turnov

er time 

TBD in Phase II 

 Seasonal salinity changes High moderate Salinity Impairment % Coverage, 

Biomass Index 

No net change Discharge/turnov

er time 

TBD in Phase II 

 Daily salinity levels Moderate high Salinity Impairment % Coverage, 

Biomass Index 

No net change Discharge/turnov

er time 

TBD in Phase II 

 Nutrient concentration Low low Currently Eutrophic % Coverage, 

Biomass Index 

No net change External load TBD in Phase II 

 light attenuation-plankton Moderate moderate ↑phyto prod → ↓ light Light 

Availability/Chl. a 

No net change Discharge/turnov

er time 

TBD in Phase II 

 light attenuation-color Moderate moderate ↓ RO removal, ↑ local influence Light Availability No net change Discharge/turnov

er time 

TBD in Phase II 

 light attenuation-turbidity Moderate low Sediment resuspension Light 

Availability/TSS 

No net change Discharge/turnov

er time, Stage 

TBD in Phase II 

Hydrology Temperature effects low Low Withdrawals not likely to 

change water temp 

Mean growing 

season temp 

No net change  TBD in Phase II 

 Reduced flow velocity moderate High Note #1 Epiphyte burden, 

exotic species 

No net change Discharge TBD in Phase II 

 Lower stage moderate Moderate SAV Exposure % Coverage, 

Biomass Index 

No net change Stage TBD in Phase II 

 Groundwater inputs moderate low  % Coverage, 

Biomass Index 

No net change Stage TBD in Phase II 

Biological interactions Epiphytic algae moderate Moderate Light/boundary layer Epiphyte burden No net change Discharge/turnov

er time, flow 

velocity 

TBD in Phase II 

 Grazing low Low No change to grazers % Coverage, 

Biomass Index 

No net change  TBD in Phase II 

 Seed Bank high moderate Reduced parent population % Coverage, 

Biomass Index 

No net change  TBD in Phase II 

 Productivity high high Salinity reduces growth rate % Coverage, 

Biomass Index, 

productivity 

No net change Discharge/turnov

er time 

TBD in Phase II 

 Reproductive Success High High Salinity reduces flowering 

disproportionately 

Proportion 

flowering 

structures 

 Discharge/turnov

er time 
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Appendix 6-2. 

  

Submerged Aquatic Vegetation (SAV) in the Lower St. Johns River and the Influences of 

Water Quality Factors on SAV. 

 

1. Lower St. Johns River SAV Distribution and Abundance 

 SAV has been a dominant component of shallow water (<1m) areas in oligohaline and 

freshwater regions of the St. Johns River Estuary (LSJR) for several hundred years (Bartram 

1791, DeMort 1991, Sagan 2001, 2003a, 2007).  Detailed transect surveys have identified up to 

eleven species of these aquatic angiosperms growing in beds along the littoral zone extending 

from 2 to over 350 m from shore (Table 1; Sagan 2007). These include: Micranthemum sp. (baby 

tears), Ceratophyllum demersum (coontail), Sagittaria subulata (dwarf arrowhead), Vallisneria 

americana (wild celery or freshwater eelgrass), Zannichellia palustris (horned pondweed), 

Hydrilla verticillata (hydrilla), Chara sp. (muskgass), Eleocharis sp. (spikerush), Najas 

guadalupensis (southern naiad), Potamogeton pusillus (slender pondweed), and Ruppia maritima 

(widgeon grass). By far the dominant species has been V. americana, which Sagan 2007 found to 

comprise approximately 63% of the total SAV cover from 1998 through 2007. This was 

followed by N. guadalupensis (16%) and R.maritima (10%).  All other species comprised 

approximately 11% of the total cover over that period.   

The lower 131 km of the LSJR may be divided into typical estuarine zones based upon 

salinity conditions and water residence times.  Sagan 2003a, 2007 summarized the abundance of 

SAV in three sections or ecozones defined as: oligohaline-mesohaline (Zone 1 station between 

river kilometers 40-65); freshwater lacustrine (Zone 2 stations between river kilometers 65 and 

130); freshwater riverine (Zone 3 station from kilometer 130 to upper limits of SAV).  Salinity 

levels are influenced both by patterns of precipitation (McGrail et al. 1998) and tide and wind 

driven events (Sagan 2007).  SAV were recorded from river kilometer 43 to 169. Total SAV 

coverage in the LSJR has been estimated from aerial photography as 866 ha for 2003 and 2004 

(Dobberfuhl and Hart 2006).  The most downriver polyhaline and lower mesohaline section of 
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the river system (river kilometers 0-43) have not been known to support SAV (DeMort 1991).  

SAV growth there may be limited by a combination of high salinity, seasonal extremes in 

temperature and high turbidity (Brody 1994) although the exact causes are unknown.  High 

salinity (>10-15) typically limits SAV growth to a few  salt tolerant seagrass species whilein low 

salinity or freshwater areas more species can survive (Green and Short 2003, Dennison et al. 

1993). Of the two dominant seagrass species found along the Atlantic coast of the United States, 

Zostera marina (eelgrass) is limited by high summer temperatures and is not found south of 

North Carolina.  Thalassia testudinum (turtle grass) is limited by low winter temperatures and 

has not been reported north of Sebastion Inlet (Eiseman 1980). Shoal grass (Halodule wrightii) is 

one species that may be able to grow in this region and tolerate the physiological constraints of 

salinity and temperature (Montague and Ley, 1993).  However, it generally grows in very 

shallow areas with high light availability and Brody (1994) has suggested that high turbidities in 

this region may be limiting its success here. 

Of the three dominant SAV species found in the LSJR, V. americana comprised not only 

the greatest system-wide cover (Sagan 2007, Dobberfuhl 2007) but greatest mean maximum 

depth (0.79m) and was found along all three Zones of the river system from kilometer 43 to the 

upriver limits of SAV growth at kilometer 161.  N. guadalupensis typically occurred in all three 

Zones in shallower water with a mean maximum depth of 0.68m (Sagan 2004a, 2007) and when 

it co-occurred with V. americana it generally had greatly reduced cover (Sagan 2004a).  R. 

maritima grew to the shallowest depths with a mean maximum depth recorded of 0.53m (Sagan 

2007).  It has been usually observed in the shallowest nearshore areas of the beds in Zones 1 and 

2 with cover typically below 50% (Sagan 2003a, 2007). All three species are found throughout 

the year within the system, but reach greater water depths and broader bed width distributions in 

the summer and fall compared to the winter and spring (Sagan 2004a).  SAV biomass at the 

deepest depths has been found to be generally low compared to shallower areas and has been 

characterized by sparse, small plants, less that 5 cm in length and usually comprised of V. 

americana (Sagan 2004a). 

 

2. Life Histories of Dominant SAV Species in the LSJR 
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 V. americana is one of two species of the genus Vallisneria found throughout the world. 

It consists of two varieties, var. americana found in the Americas, East and Southeast Asia, 

Oceania and Australia, and var. biwaensis found in Japan, Hispaniola and Venezuela (McFarland 

2006).  The second species, V. spiralis var. spiralis is found in Europe and southwest Asia and 

var. denseserrulatae in Africa, Asia, Oceania and Australia.  V. americana var. americana 

ranges from Canada southward to Texas and Florida and has been recorded in 40 states in both 

tidal and non-tidal regions (McFarland 2006).  It is a perennial, submersed aquatic plant with 

ribbon-like leaves up to 2 m or more in length growing in individual ramets expanding 

vegetatively by rhizomes and stolons (Korschgen and Green 1988). Individual plants are either 

male or female and capable of sexual and vegetative reproduction. McFarland (2006) provides a 

recent overview of the reproductive ecology of the species. There are both narrow-leaved and 

wide leaved variants (Lowden 1982).  In northern areas of the U.S. the plants will die back in the 

winter and produce winter buds that will lie dormant throughout the winter.  In the spring as 

water temperatures warm the winter buds elongate and produce a stolon which will reach the 

sediment surface and produce new plants through lateral expansion.  In southern populations 

such as those found in LSJR the plants typically do not die back and no winter buds are formed 

(Haller 1974, Dawes and Lawrence 1989, Clark and Stout 1995, Smart and Dorman 1993, 

Bortone and Turpin 2000).  Flowering in temperate areas typically occurs in the summer 

(McFarland 2006), however Sagan (2004b) and Dobberfuhl (2007) reported flowering and fruit 

production in all seasons in the LSJR in studies from 2000 to 2002. 

 N. guadalupensis (southern naiad or bushy pondweed) is one species of the genus Najas 

of the Najadaceae family. Its distribution ranges from Oregon to Quebec and from California to 

Florida in both tidal and non-tidal habitats (Hotchkiss 1972). It is a submersed plant 

characterized by slender branched stems with simple, linear, flattened opposite leaves with no 

teeth and sheathed bases (Radford et al. 1964).  The genus does not have rhizomes or tubers as 

do most other freshwater SAV and the roots are simple and small with a radicle that is ether 

short-lived or undeveloped (Stevenson and Confer 1978).  Sexual reproduction is the most 

common method of re-growth and in northern areas it is considered an annual (Schulthorpe 

1967). Flowers are inconspicuous at the base of the leaves and pollination takes place underwater 

(Hutchinson 1975) with production of seeds in the leaf axils (Stevenson and Confer 1978). 
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 Ruppia maritima or widgeon grass of the family Ruppiaceae is a highly variable, slender 

branching herb with linear leaves opposite leaves 2 to 20 cm long and 1 to 2 cm wide (Radford et 

al. 1964, Weldon et al. 1969, Stevenson and Confer 1978).  It occurs worldwide in coastal bays 

and other areas subject to tidal influence, but can be found in non-coastal areas including 

hypersaline palustrine and lacustrine wetlands (Kantrud 1991). It is considered a freshwater plant 

with a pronounced salinity tolerance (Zieman 1982) but is found with many true seagrass species 

such as eelgrass, turtle grass and others (Orth and Moore 1988). It occurs in two forms: upright 

and highly branched in appearance with flowers standing several feet tall and shorter; and 

creeping, with basal leaves that can be present throughout the year (Bergstrom et al. 2006). It 

reproduces both vegetatively through rhizomes and sexually through seeds. A typical plant can 

produce 2-10 rooting nodes along the rhizome each producing a vertical stem with leaves 

(Kantrud 1991). Sexual reproduction requires elongation of the peduncle upwards to the air-

water interface.  Once on the surface pollen is release and it floats on the surface until it contacts 

the floating stigma and pollination occurs. The fertilized flowers produce black, oval-shaped 

fruits with pointed tips. It can also have an annual or perennial growth from.  In deeper more 

stable environments it reproduces asexually with new stems emerging from the root-rhizome 

system.  In habitats subject to drought or other extreme stresses the vertical shoots or ramets will 

die after production of seeds and revegetation with occur via seedlings (Bigley and Harrison 

1986, Kantrude 1991). 

 

3. Water Quality Factors Influencing SAV 

3.1 Salinity Effects on SAV 

The ability of underwater plants to tolerate salt is determined by multiple biochemical pathways 

that facilitate retention and/or acquisition of water, protect chloroplast functions, and maintain 

ion homeostasis. Many salt-tolerant species accumulate metabolites, amino acids or sugars which 

play crucial roles regulating osmotic conditions and serve other protective functions at the 

cellular level (eg. Rout and Shaw 2001a, b, Tripathi et al. 2007, Van Diggelen et al. 1987).  The 

capacity of individuals of each SAV species to adapt to salinity is dependent on both the 

concentration level of salinity and rate of salinity increase over baseline conditions.  Adapting to 
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increased salinity levels requires that the particular SAV species first have the capacity to 

detoxify the salt effect and/or reduce the osmotic stress, and then have the time and resources to 

produce these protective mechanisms.  Temperature and light can play crucial interactive roles in 

the development of this adaptive tolerance.  For example, during active growth periods (Pinnerup 

1980) found that eelgrass (Zostera marina) growing at differing salinities was less affected at 

cold temperatures when metabolic activity was low than at warmer temperatures when metabolic 

activity and growth potential was high.  French and Moore (2003) demonstrated that light 

requirements for wild celery were approximately 50% greater for plants grown at salinities of 5 

compared to 0, due to decreased photochemical efficiency.  Typically acclimatization of SAV to 

salinity change will only occur within a certain range and at some level lethality will occur 

regardless of the adaptability of the species (Kantrud 1991). Salinity can have other indirect 

effects on SAV.  For example oxidized sulfate has a much higher concentration in seawater 

compared to freshwater.  When these higher concentrations diffuse into sediment the sulfate is 

rapidly reduced by bacteria to sulfide.  This sediment sulfide, in turn, can be rapidly taken up by 

the roots and distributed throughout the SAV by their lacunae (Pederson et al. 2004, Borum et al. 

2005).  These internal concentrations of sulfide can affect plant nutrient uptake (Koch and 

Erskine 2001), photosynthesis and respiration (Goodman et al. 1995, Erskine and Koch 2000, 

Koch et al. 2007) and ultimately interfere with many cellular enzymatic functions (Koch et al. 

1990) affecting plant growth and survival. 

 Natural events and man-induced supply changes can have significant impacts on salinity 

and other impacts to freshwater SAV in coastal areas (Bayley et al. 1978, Orth and Moore 1983, 

Mataraza et al. 1999, Doering et al. 1999, Frazer et al. 2001, Frazer et al. 2006). In the 

Chesapeake Bay a 100-year flooding event caused by Tropical Storm Agnes caused an extensive 

loss of SAV vegetation throughout the system (Orth and Moore 1983) which has still not 

recovered (Moore et al. 2000).  Short-term storm induced salinity increases in Kings Bay, 

Florida (Frazer et al. 2006) were observed to increase salinities to levels that were above the 

salinity tolerances for several species of SAV, resulting significant declines in SAV biomass and 

cover. They also suggested that the varying salinity tolerances of different SAV species may 

increase the competitive advantage of more salt tolerant SAV such as wild celery, compared to 

less salt tolerant Hydrilla verticillata in areas where such storm induced salinity intrusions are 

common.  Eleuterius (1987) similarly observed declines in SAV due to intrusions of seawater 
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during Hurricane Camille in 1969.  Frequent subsequent openings of a man-made spillway 

allowing freshwater to enter wetland systems created brackish conditions that permitted the 

extensive re-growth of widgeon grass. Similar expansions of the low salinity tolerant widgeon 

grass, with corresponding reductions in less freshwater tolerant species such as Halodule wrightii 

and Syringodium filiforme, were observed in the Banana River in Florida during a 10-year period 

of reduced salinities (Provancha and Scheidt 2000). Doering et al. (2002) were able to develop 

relationships between salinity in the estuary and discharge from the Caloosahatchee River in 

Florida using a hydrodynamic-salinity model to estimate discharge rates that would produce low 

enough salinities in upstream regions suitable for freshwater SAV (wild celery) but high enough 

in downstream regions to support more salt tolerant species such as Halodule wrightii. 

 

3.1.1 Salinity Effects on V. americana 

 V. americana has a broad ranging distribution due to its capacity to grow and reproduce 

successfully under a wide range of habitat conditions including water of various salinities 

(Stevenson and Confer 1978, McFarland 2006). Because the salinity tolerance of this, as well as 

other species of SAV, is dependent on a variety of interacting factors including the exposure 

duration and rate of salinity increase, its tolerance described in various studies has been found to 

vary.  Bourn (1934) published one of the earliest studies on salinity tolerance of wild celery (V. 

spiralis) and found that growth of wild celery increased slightly at a salinity of approximately 2.8 

compared to fresh water grown plants.  He also found that plants could be maintained at a 

salinity of 4.2.  Etiolation, or shoot elongation similar to that expressed by plants grown in the 

dark, was evident at a salinity of 6.6 and growth ceased at 8.4.  Boustany et al. (2001) found that 

plants acclimated to salinities of 1, 8 and 18 psu at a rate of 1 psu per day and then held there for 

5 months showed continued growth at a final salinity of 1 psu, negative growth at 8 psu and 

complete dieback at 18 psu by 70 days. The recovery of some viable root stock at the highest 

salinity levels suggested to them that there might be the potential for some recovery of 
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plants under conditions where salinity was pulsed to this level for shorter durations. French and 

Moore (2003) found, however, that rosettes of plants grown at higher salinities (up to 15) were 

shorter and narrower and had less leaf area than those in lower salinities.  They also found that 

the effective quantum yield, or the photosynthetic efficiency, decreased with salinity in plants 

grown at salinities of 0, 5, 10 and15, but photosynthetic capacity was not affected. 

Doering et al. have studied the salinity tolerance of wild celery using both monitoring of 

field populations and mesocosm experiments with wild celery from the Caloosahatchee estuary 

in Florida (Doering et al. 2001, 2002). He and his colleagues found that the wild celery net 

growth rates decreased with increasing salinity, with eventual mortality at salinities greater than 
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Figure 1.  (top panel) Yearly means of SAV transect cover vs. previous year 

mean salinity for higher salinity Zone 1 (Section 1) in LSJR. (bottom panel) 

Yearly means of SAV transect cover vs. previous year mean salinity for 

lower salinity Zone 2 (Section 2) in LSJR. (data from Sagan 2003a).  
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15. In three of four experiments there was no difference in growth rates between 0 and 3 salinity 

treatments.  At salinity treatments of 9 and 12 there was plant survival but the net growth of the 

plants was reduced. Above salinities of 15 there was a 50% loss of shoots in 38d at a salinity of 

18 and 50% loss in 16d at a salinity of 20.  

A variety of studies have found that wild celery can grow well at average growing season 

salinities of 3 or less (Haller et al. 1974, Twilley and Barko 1990, Jarvis and Moore (2008).  In 

the LSJR Sagan (2003a) found no change in annual abundances between 1998 and 2003 of wild 

celery dominated SAV beds in regions where the previous growing season salinities were less 

than 2 (Figure 1) but there was a rapid decrease in abundance in years when the previous 

growing season salinities were greater than 3 (Figure 1).  Studies have also demonstrated that 

wild celery has reduced growth at mean seasonal salinities of 5 and above (Haller et al. 1974, 

Davis and Brinson 1976, Staver 1986, Doering et al. 2002, Twilley and Barko 1990, French and 

Moore 2003, Adair et al. 1994, Bergstrom et al. 2006) and peak abundance in the field is limited 

to systems where salinities are typically less than 10.  The duration of exposure to high salinity is 

very important in determining plant survival and possible recovery under more suitable 

conditions (Haller et al. 1974, Boustany et al. 2001). Littles (2005) and Frazer et al. (2006) report 

the effects on wild celery of short term salinities increased to salinities of 5, 15 and 25 for 1, 2 or 

7 days compared to freshwater controls.  Most measures of growth were reduced with salinity 

increased to 15 for 1 or 2 days, with mortality by 7 days.  Mortality was observed with exposures 

to 25 for one day and greater.  

Table 1 presents a summary of the projected effects of the various combinations of 

concentration and duration of exposure of wild celery during the growing season to salinity 

increases based on field information directly from the LSJR (Sagan 2007) and the above 

referenced field and laboratory studies (Haller et al. 1974, Davis and Brinson 1976, Staver 1986, 

Doering et al. 1999, 2001, 2002, Twilley and Barko 1990, Adair et al. 1994, French and Moore 

2003, Littles 2005, Frazer et al. 2006, Bergstrom et al. 2006, Jarvis and Moore 2008).   



 

 

35 

1 7 30 90+

Stress

No Effect

5

<3

15

10

Salinity

25

No Effect

Stress

Mortality

Mortality

No Effect Stress

Time (d)

 

 

“No Effect” indicates that and the concentration of and duration of salinity exposure during the 

growing season has not been found by itself to adversely affect wild celery under most 

circumstances.  In general, salinity levels of 3 or less are within the short and long term tolerance 

of wild celery. Seven days or less of exposure to salinities of 5, or 1 day of exposure to 10, will 

also likely have little long-term effect. “Stress” indicates that photosynthesis, growth, 

reproduction, or other measures of plant performance will likely be affected by the combination 

of salinity level and the duration of plant exposure to that level.  Therefore one day of exposure 

to salinity of 10, or 7 days or greater exposure to a salinity of 15, will be stressful to wild celery.  

“Stressed” populations may be susceptible to interactions with other habitat factors including 

turbidity (French and Moore 2003) or high sediment organic content (Smart and Barko 1985) 

that may cause declines or eventual mortality.  “Mortality” will likely be experienced by all 

plants exposed to salinities of 25 for only one day or more, or 15 for 7 days or more. 

 

3.1.2 Salinity Effects on Southern Naiad 

 The salinity tolerance of southern naiad has received only limited study as it is essentially 

a freshwater species for most of its distribution with restricted brackish water occurrence 

(Hotchkiss 1972, Martin and Uhler 1939, Stevenson and Confer 1978).  Stevenson and Confer 

(1978) report that southern naiad was historically common in areas of the Chesapeake Bay with 

Table 1. Summary of relationships between salinity 

concentrations and duration of exposure on wild celery 

growth and survival. 

 

Salinity-Val%20Interactions.xls#'Sal Val'!B2
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salinities of 3 and Martin and Uhler (1939) found southern naiad in areas of the Potomac River 

with salinities ranging from 6 to 9.  Haller et al. (1974) found maximum growth at a low salinity 

of 0.17 with decreasing growth at increased salinities.  Mortality was observed after exposure to 

a salinity of 10 for four weeks. Bergstrom et al. 2006 describe Najas spp. in the Chesapeake Bay 

with a best growth salinity range of 0-5 and a full growth range of 0-10. In summary, southern 

naiad appears to grow best at salinities less that 3 with decreasing growth up to salinities of 10. 

Exposure to salinities of 10 for a month or more are likely to result in mortalities. 

 

3.1.3 Salinity Effects on Widgeon Grass 

 The genus Ruppia tolerates a wider range of salinity than other species of freshwater 

SAV (Kantrud 1991) with a salinity range for widgeon grass observed from 0 to 390.  These very 

high levels of salinity were found in lakes where MgSO4 was the principal salt.  Steward and 

Kantrud (1972) found widgeon grass in wetlands with salinities ranging from 0.35 to >100 and 

Metcalf (1931) found it fruiting in these areas with salinities up to 36. Studies by Bourn (1935) 

and Verhoven (1979) suggest, however, that NaCl is much more toxic to widgeon grass that 

other salts and the osmotic effects of MgSO4 may be one half that of NaCl.  While McMillan 

(1974) observed that widgeon grass could be maintained indefinitely in tap water or distilled 

water.  A number of studies demonstrate that flowering occurs in seawater of salinities from 1.8-

28 (Bourn 1935, Mayer and Low 1970, McMillan 1974, McRoy and McMillan 1977, Verhoeven 

1979). Seed germination has been found to decrease with increasing salinities (Mayer and Low 

1970).  Seeds from Florida and North Carolina were tested for germination up to salinities of 30 

by Koch and Dawes (1991) and best germination was found at salinities of 15 or less.  Similarly, 

Kahn and Durako (2005) tested germination at salinities up to 70 but germination was only 

observed at salinities of <20.  

Anderson (1974) found a salinity tolerance of plants up to 40, and McMillan and 

Moseley (1967) found growth up to a salinity of 70. Scott et al. (1952) observed that widgeon 

grass beds did not die back in a South African estuary until salinity exceeded 69 and, amazingly, 

survived for two months in evaporating seawater up to a salinity of 35.8.  Berns (2003) tested 

growth at salinities from 0-60.  Highest growth was at a salinity of 20 with significant growth 
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from 0-40 and lowest growth at salinities >40.  Joanen and Glasgow (1965) found no differences 

in widgeon grass growth in Louisiana waters that ranged from 3.7 to 33.4. It was also observed 

to grow in both hypo- and hyper-saline areas in Texas lagoons where waters ranged from nearly 

fresh to salinities of over 60 (Conover 1964). In the Chesapeake Bay widgeon grass best growth 

range is described between salinities of 5 and 15 with a full growth range between 0 and >20 

(Bergstrom et al. 2006). In Florida Phillips (1960) found widgeon grass growing in areas with 

salinities ranging from 0 to 33 and in Florida Bay it was found more abundant at lower salinity 

sites (10-30) compared to higher salinity sites (30-40) by Adair et al. (1994) and at sites with 

mean annual salinities of 15-25 by  Montague and Ley (1993). In the Indian River Lagoon 

region, including the Mosquito Lagoon and Banana River it has been reported growing in areas 

with salinities ranging from 20-40 and 15-30, respectively, and expansion of growth in the latter 

area was related to periods of reduced salinities between 1985 and 1996 (Provancha and Scheidt 

2000). 

 Widgeon grass is tolerant of variable salinity levels but can be impacted if the 

fluctuations are too rapid.  In most estuarine systems variable salinity conditions are common. In 

the Chesapeake Bay daily salinity variations in areas vegetated by widgeon grass are typically 

less than 5 (Moore and Jarvis 2008). Verhoeven (1979) observed in the Netherlands that Ruppia 

died out when salinity increased in coastal habitats by 18 in a few weeks. Van Vierssen (1982), 

also in the Netherlands, found the best growth of widgeon grass in areas where salinities were 

<22.6 and varied less than 18 in one year. However Richardson (1980) did not see any effect of 

salinity decreases of 14 in 24 hours in a New Hampshire salt marsh habitat. La Peyre and Rowe 

(2003) compared plant growth at a constant salinity of 10 to salinity conditions that fluctuated up 

to 20 or 30 and back.  Growth was greatest under constant conditions. Slight increases in salinity 

can be beneficial to widgeon grass growth. Sagan (2003a) found that widgeon grass abundance 

increased from 3% to 42%of total SAV cover in the higher salinity areas of the LSJR between 

1998 and 2000 when mean annual salinities increased from 0.68 to 4.91.  This abundance 

remained high through 2001 and 2002 when mean annual salinities were 7.58 and 3.78 

respectively.  The abundance dropped off to 8.3% relative cover in 2003 when salinities 

decreased to 1.52.  In upper regions of the system where salinities remained below 1 few 

increases were measured.  La Peyer and Rowe (2003) also observed decreased growth rates in 

plants grown under salinities that fluctuated from 10 to 0 and back compared to plants grown at a 
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constant 10. Similarly Chesnes (2002) found that plants grown under salinities that fluctuated 

from 0-36 around a mean of 18 had reduced performance as the frequency and magnitude of the 

salinity fluctuation increased.  Adaptation of the photosynthetic efficiency of widgeon grass 

plants over time was observed by Murphy et al. (2003) by two days after transfer from control 

salinities of 20 to a range of salinities from 0-40.  While efficiency rebounded at salinities of 0, 

10 and 20, plants transferred to salinity of 40 remained low.  Salinity interactions with 

temperature were tested by Lazar and Dawes (1991) 

 In summary, widgeon grass is tolerant of very high salinities, exceeding full seawater 

strength, and will generally not be affected by high salinity water, especially if the salinity 

fluctuations are less than 10-20 per year.  It is responsive to salinity changes and its abundance 

can actually increase in low salinity regions with slight increases within the 5-15 salinity range. 

 

3.2 Water Column Light Attenuation Effects on SAV 

 The availability of light for photosynthesis, growth and reproduction is one of the most 

important factors affecting SAV persistence and survival (Dennison et al. 1993, Kirk 1994), and 

reductions in available light have been implicated in numerous declines worldwide (den Hartog 

and Polderman 1975, Peres and Picard 1975, Orth and Moore 1983, Kemp et al. 1983, 

Cambridge and McComb 1984, Giesen et al. 1990, Batiuk et al. 1992, Dennison et al. 1993, 

Stevenson et al. 1993, Batiuk et al. 2000). Short-term temporal changes in SAV abundance have 

also been associated with changes in turbidity and light attenuation levels and these relationships 

may be related to light thresholds and can be non-linear (Carter et al. 1994). The maximum depth 

penetration of SAV in both freshwater and marine systems has been directly related to light 

limitation (Canfield et al. 1985, Chambers and Kalff 1985, Vant et al. 1986, Duarte and Kalff 

1987, Duarte 1991, Dennision et al 1993, Abal and Dennison 1996, Olesen 1996, Batiuk et al. 

2000, Carter et al. 2000, , Steward et al. 2005, Dobberfuhl 2007), while the upper limit is limited 

by physical conditions such as waves, exposure and desiccation, UV radiation, high temperatures 

and/or freezing (Dawson and Dennison 1996, Leuchner et al. 1998, Bjork et al. 1999, Seddon et 

al. 2000, Koch 2001, Koch and Erskine 2001, Duarte 2002, Moore and Jarvis 2008). 
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 Light availability through the water column to the SAV leaf canopy is attenuated by the water 

itself, as well as dissolved substances, and suspended organic and inorganic particles in the water (Kirk 

1994).  In shallow water coastal systems with SAV, it is primarily the dissolved substances and 

particulate matter that absorb or scatter the solar radiation (Gallegos 1994, Zimmerman 2003, Gallegos 

2005).  Dissolved substances are effective absorbers of light, while particulate matter will absorb and 

scatter downwelling radiation (Kirk 1994, Gallegos 1994).  Scatter increases the effective path length of 

the light through the water column, further increasing the rate of attenuation with depth (Kirk 1994). 

Attenuation through the water column is exponential and is calculated as a negative exponential decay 

function of downwelling light   (-Kd).  Assuming only a small fraction of incident light is reflected at the 

water surface the percent of light reaching the SAV leaf surface through the water (PLW) is defined in 

accordance with the standard Lambert-Beer relationship,  

   PLW = 100 exp [(-Kd) (Z)], 

Where Z = water depth in meters. 

The downwelling attenuation coefficient Kd  can be further partitioned into its components 

including attenuation from water, dissolved substances (color), suspended sediments or 

phytoplankton (Gallegos 2001).  The SAV plant canopy also attenuates light through the water 

column as a function of the canopy structure, biomass and density (Titus and Adams 1979, 

Zimmerman 2003).  However, as the deepest edges of beds are approached biomass and density 

of SAV decreases (Moore 2004) and self shading is decreased. 

A variety of studies have found that light levels at the maximum depth of SAV growth in 

freshwater and marine areas can range from 10-35% of surface irradiance (Batiuk et al. 2000, 

Kemp et al. 2004).  Differences can be related to a variety of factors including: the species of 

SAV community studied (Batiuk et al 2000), the duration of the integration period (Moore et al. 

1997), salinity (French and Moore 2003), temperature (Moore and Jarvis 2008), light quality 

(Gallegos 1994) as well periphyton, and other fouling organic and inorganic material on the leaf 

surface (Kemp et al. 2004).  Moore et al. (1997) observed that relative short-term (20d) periods 

of light at or below temperature dependent, physiological compensating light levels for eelgrass 

in light stressed habitats, were enough to cause SAV death, even if the average seasonal light 

levels were only minimally affected. Gallegos (1994) found that dissolved organic components 



 

 

40 

in natural waters effectively reduced the photosynthetically useable radiation (PUR) available for 

plant photosynthesis compared to the broader spectrum photosynthetically active radiation 

(PAR) or visible light commonly measured at wavelengths between 400-700 nm.  Moore et al. 

1997 measured the change in spectral qualities of submersed light with distance upriver in the 

Chesapeake Bay and reported relatively greater attenuation in the blue wavelengths that are 

particularly important for SAV photosynthesis (Kirk 1994). 

Gallegos (2005) measured the absorption and scattering characteristics of light in the 

LSJR and found that colored dissolved organic matter (CDOM) contributed significantly to the 

light attenuation of the water column in addition to phytoplankton and non-algal suspended 

particulates.  CDOM was the dominant contributor to light absorption and he found that color 

absorption in some upstream areas was the highest reported for any natural water (Kirk 1984).  

During dry periods when CDOM levels become reduced due to lower inputs from tributary 

creeks, Gallegos suggested that increased light availability combined with high nutrient levels in 

the system may contribute to phytoplankton blooms which would further deprive the SAV of 

light for growth.  Thus, the combination of highly colored and nutrient enriched waters is 

problematic for SAV growth in this system. 

In general, freshwater communities have been found to have slightly lower minimum 

light requirements compared to marine communities (Kemp et al. 2004). Batiuk et al (2000) 

found that minimum light requirements during the growing season (April-October) for SAV 

growth in freshwater and oligohaline areas of the Chesapeake Bay was 9% with SAV always 

abundant when average levels were at 18% or greater. In contrast, minimum light levels (March-

November) for continued SAV growth in mesohaline and polyhaline regions was15%, with SAV 

always abundant in areas where average light levels were 40%.  Similarly Duarte (1991) 

observed that the maximum depth penetration of the seagrass Z. marina approximated 15% of 

surface irradiance at a range of sites with maximum colonization depths ranging from <1m to 

>6m worldwide. Dixon (2000) observed that the maximum depth of the seagrass T. testudinum 

colonization in Tampa Bay averaged about 22% of surface irradiance.  Batiuk et al. 2000 

reviewed a range of studies relating maximum SAV growth in freshwater lakes to light 

availability.  They found that SAV colonization to 1m depths would occur when secchi depths 

were between 0.4 and 0.7m.   
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Difference in the light requirements between freshwater and marine species, especially in 

shallow and turbid areas, may be related to the potential for canopy forming species commonly 

found in freshwater regions to develop relatively shallow optical depths compared to 

colonization depths (Batiuk et al 2000, Kemp et al 2004). Under low-light conditions, these 

canopy-forming species can exhibit increased vertical growth by stem-elongation, and they retain 

only their uppermost leaves near the water surface (Goldsborough and Kemp 1988; Maberly 

1993). Canopy-formation and stem-elongation are two shade-adaptation mechanisms observed 

for freshwater SAV (Stross 1979, Barko and Smart 1981, Barko et al. 1982, Vermaat et al. 1997, 

Middelboe and Markager 1997).  French and Moore (2003), Barko et al. (1982, 1991) found that 

V. americana, the non-canopy forming SAV which is the dominant SAV species in the LSJR 

compensated for reduced light availability by increasing leaf length. Additionally, when under 

light stress V. americana was also observed to compensate for reduced light by shifting resources 

away from rosette and biomass production and total leaf area to elongation of leaves to near the 

water surface, thus maximizing light capture per unit of production (French and Moore 2003). 

This capacity decreased as light was reduced below 8% of surface insolation indicating a 

diminished capacity for morphometiric compensation at very low light levels. Reproduction, 

including flowering and winter bud formation was also siginificantly reduced or eliminated 

under long-term light reduction. Again this represents a shift in resources to light capture at the 

expense of other important components of survival. 

The relatively higher light requirements for SAV growing under higher salinity 

conditions may be related to potentially greater physiological demands and/or non-

photosynthetic respiratory demands (including roots and rhizomes; Pregnall et al. 1984, 

Goodman et al. 1995, Koch and Erskine 2001).  Among freshwater species capable of growing 

under variable salinity conditions French and Moore (2003) found that photosynthesis, growth, 

and reproduction of the typically freshwater V. americana were directly affected by salinity and 

the light requirements for comparable performance of the species increased nearly 50% as 

salinity increased from 0 to 5.  Dobberfuhl (2007) was able to observe changes in SAV bed 

(dominated by V. americana) distribution and abundance throughout the LSJR Basin and 

Crescent Lake region from 1998 through 2004.  This period included a period of drought 

(beginning in1999) followed by more average flow conditions. This drought resulted in 

differences in response between the downriver, higher salinity region and the upriver, freshwater 
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region.  While light in the downriver region increased due to decreases in color, the dominant 

component of light attenuation in the system (Gallegos 2005), no response in SAV was observed.  

Gallegos attributed this to the concomitant increase in average salinities from 1 to 6 which 

increased the relative light requirements of the SAV. Following the drought, although light 

conditions decreased the SAV increased in direct relation to decreases in salinity. In contrast, in 

the upstream Crescent Lake region where there was no salinity increase during the drought, but 

was a decrease in color, the SAV greatly expanded during the drought. Overall, Dobberfuhl 

(2007) concluded that SAV in the LSJR in regions with highest salinities had a mean light 

threshold of 14% compared to 9% at completely freshwater sites.  This approximately 50% 

increase in light requirements with salinity parallels, almost exactly, the increase in light 

requirements observed by French and Moore (1993) and Kemp et al. (2004) for Chesapeake Bay 

freshwater SAV populations subject to salinity stress. 

 

3.3 Nutrient Effects on SAV 

 The negative effects of nutrient enrichment on SAV are typically indirect, and are usually 

related to the increased growth of algal competitors compared to the SAV (Valiela et al. 1997). 

Algal blooms have been demonstrated to results in direct losses of SAV by greater increasing 

water column light attenuation (Dennison et al. 1993).  In addition the growth of epiphytes and 

periphyton of the photosynthetic surfaces of SAV has been related to reduced photosynthesis and 

growth. In some studies, direct toxicity of water column nitrate on marine SAV species such as 

eelgrass has also been suggested as a potential mechanism for stress (Burkholder et al. 1992, 

Boedeltje et al. 2005).  However in studying the comparative effects of water column nitrate 

enrichment on Z. marina, H. wrightii and R. maritima Burkholder et al. (1994) found that R. 

maritima was, in fact, highly stimulated by nitrate enrichment. Batiuk et al (1992) found no 

definite correspondence between dissolved inorganic nitrogen (DIN) concentrations in water and 

freshwater SAV abundance and therefore did no not set dissolved inorganic nitrogen habitat 

requirements for SAV growing in freshwater regions.  They did find correspondence between 

dissolved inorganic phosphate (DIP) concentrations and SAV presence and set habitat 

concentrations of <0.02 mg/l. Neundorfer and Kemp (1993) observed that the negative growth 

response of Potomogeton perfoliatus growing in brackish waters to epiphyte growth was related 
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to the ratio of DIN to DIP enrichment .  When this ratio was >16:1 DIN was considered limiting 

to algal growth and when <16:1 DIP was considered limiting.  Light was also found to be an 

important factor affecting epiphyte growth on SAV, and in both marine, and freshwater systems 

increased light availability can increase algal abundance given adequate nutrient availability 

(Neckles et al. 1994, Moore et al 1996, Moore and Wetzel 2000).    

The negative effects of epiphytes on SAV, especially in marine regions have been well 

documented (Phillips et al. 1978, Sand-Jensen 1990, Orth and Van Montfrans 1984, Ozimek et 

al. 1991, Tomasko and Lapointe 1991 Lapointe et al. 1994, Neckles et al 1994, Moore and 

Wetzel 2000, Duffy et al. 2001).  The epiphytic growth can both attenuate light reaching the 

leaves of the SAV (Sand-Jensen 1977, Bulthuis and Woelkerling 1983, Sand-Jensen and Borum 

1984, Twilley et al. 1985) as well as reducing gas exchange to the leaf surfaces (Sand-Jensen 

1977).  The growth of epiphytes also can serve as a structure for the attachment on non-

photosynthetic sediments, animal and other materials, further increasing the fouling material 

(Kemp et al. 2004). Light attenuation across accumulated epiphytic material has been estimated 

to cause a additional 15 percent to 25 percent reduction of transmitted light to polyhaline and 

mesohaline species (e.g.,Bulthuis and Woelkerling 1983; Staver 1984; Twilley et al.1985; Kemp 

et al.2004; van Dijk 1993; Vermaat and Hootsman 1994).  

Few studies have reported the light attenuation effects of epiphyte material on freshwater 

SAV.  Chen et al. (2007) noted decreased photosynthetic performance in Potamogeton crispus 

exposed to reduced ephytic grazing pressure.  Moore et al. (2003) used artificial strips and 

transplanted shoots of V. americana to measure the epiphyte accumulation rates in a freshwater 

region of the James River in Virginia where historically SAV once grew. They found very low 

rates of epiphyte accumulation. Kemp et al. (2004) modeled the potential epiphyte and other 

fouling accumulations on SAV in freshwater and oligohaline regions of the Chesapeake Bay as a 

function of water column nutrients, total suspended solids and light availability and predicted 20-

60% additional attenuation at the leaf surface above that observed through the water column. 

Sagan (2003b) measured periphyton levels on V. americana leaves in the LSJR. She found that 

periphyton abundance increased from June through September, reaching a maximum dry weight 

of 0.25g g
-1

 leaf tissue. This was considerably below the 7g g
-1

 observed, without any apparent 

deleterious growth effects, by Moore and Wetzel (2000) on Z. marina.  Sagan did observe 
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considerable macroalgal biomass accumulations within the SAV beds of up to nearly 300 gdw m 

-2
 at certain locations.

 
This compares to 100 to 214 gdw m 

-2
 for Cladophora glomerata algae 

observed in Lake Erie (Lorenz and Herdendorf 1982).  Sagan (2003b) observed apparent effects 

on the SAV in the LSJR which she hypothesized, in part, was due to the temporal nature of the 

drifting algae over the SAV at any one area.  Dunn et al. (2008) conducted a survey of the 

epiphytic algal community of Vallisneria americana in the LSJR over a 17-month period. A total 

of 122 taxa was collected at four sites along a 93-km stretch of the river, yielding 32 diatoms 

(Bacillariophyta), 42 green algae (Chlorophyta), 45 blue-green algae (Cyanobacteria), 2 

euglenoids (Euglenophyta), and one dinoflagellate (Pyrrophyta). However, only diatoms and 

cyanobacteria were seen at all sampling dates, and only a Cocconeis sp. was identified at all sites 

on all dates.  Dunn et al. (2008) suggested that while epiphytic algae may be responsible for a 

significant amount of primary productivity in the SAV beds in this system they also reduce 

available light for the SAV, compete for nutrients, and increase drag on the leaves. 
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Introduction 

The St. Johns River is a potential surface water supply source for meeting the growing water 

demands of central Florida.  Preliminary assessments have indicated that up to 586 million liters 

per day (l/d, 155 million gallons per day (mgd)) may be available upstream of the confluence 

with the Ocklawaha River.  Another 405 million l/d (107 mgd) may be available from the 

Ocklawaha River, the major tributary to the St. Johns River.  A wide range of issues has been 

raised concerning the potential impacts of surface water withdrawals on the ecology and natural 

resources of the river. Included among these diverse issues is the effect of water withdrawals on 

fish populations. Fish population issues pertain to direct impacts of water withdrawal on 

spawning success and recruitment of important recreational, commercial and forage fishes and, 

on potential effects to critical fisheries habitat. Particular concerns have also been expressed 

regarding the potential of the withdrawals to impact American shad (Alosa sapidissima), an 

anadromous fish that has historically been highly productive in the St. Johns River but is 

currently at severely depressed populations levels (McBride 2000).       

The purpose of this report is to evaluate the potential for surface water withdrawals to affect St. 

Johns River fish populations. This evaluation is based on a review of existing fisheries data for 

the river and a review of scientific peer-reviewed literature concerning water withdrawal effects 

on fish.  Objectives of this report are to: 1) identify possible effects of surface water withdrawals, 

2) identify fish species of ecological, recreational, commercial and/or regulatory importance that 

could be considered  ―indicator taxa‖ for assessing water withdrawal impacts and describe their 

life history characteristics, and 3) rank the significance of potential impacts and determine if 

further data collection is needed to better understand withdrawal effects.    
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Fish Communities within the St. Johns River 

The northward-flowing St. Johns River system along the east coast of Florida is a unique riverine 

system that contains a wide array of aquatic and floodplain habitats and supports a diverse 

assemblage of fish species (Evermann and Kendall 1900; McLane 1955; Tagatz 1968).  The 

habitats range from broad floodplains to narrow, shallow labyrinthine channels, tributaries, wide 

lakes and deeper channels in the lower sections of the river (DeMort 1990; McGrail et al. 1998).   

The extremely shallow gradient of only 10 m (32 ft) over its ~500 km (310 mile) length induces 

slow flow velocities in many regions, particularly when the main stream of the river enters the 

broad lakes situated along the ecosystem.  Habitat diversity is further increased by the influence 

of tidal flows extending far upriver beyond the saline waters near the estuarine mouth, and by 

connate water upwelling in, and upstream of Lake George, and artesian saline springs in the 

upper and middle basins of the river (McLane 1955; Pyatt 1959; Tagatz 1968; Anderson and 

Goolsby 1973; Morris 1995; ECT 2004).   

Fish surveys conducted in the St. Johns River have identified at least 171 species that utilize St. 

Johns River habitats during at least a portion of their life histories (Appendix A; Evermann and 

Kendall 1900, McLane 1955, Tagatz 1968, Cox et al. 1980).  Fifty-five of these species are 

considered to be freshwater taxa.  One hundred and one species are considered euryhaline 

because they utilize the estuarine portion of the river for some or all of their life stages, while 

fifteen species are primarily marine or coastal fishes that have ranges that include the mouth of 

the estuary.  Several species normally considered to be estuarine inhabitants (including stingrays 

[Dasyatis spp]., gobies [Microgobius spp.], pipefish [Syngnathus spp.]) spend their entire lives 

within the freshwater portions of the river, perhaps because of the saline springs in the middle 

basin or because recurring rises and falls in sea level over recent geological times trapped the 

estuarine taxa inside what are now freshwater habitats (Tagatz 1968; Burgess and Franz, 1978).    

There are five basic life history patterns that describe the fishes found in the St. Johns River. 

They are (1) anadromous species , (2) catadromous species, (3) freshwater species, (4) estuarine 

species, and (5) marine species : 

1)  Anadromous species—examples are migratory species, such as the American shad and 

hickory shad (Alosa mediocris) that spawn in freshwater habitats, use the lower and 

middle sections of the river as a nursery and spend most of their adult lives at sea. They 

return to upstream reaches of the river to spawn. Two species of sturgeon (Acipenser 

spp.) also have a similar anadromous life history pattern.   

2) Catadromous species—American eels (Anguilla rostrata) are a catadromous migratory 

species.  Adults spawn in the Sargasso Sea, and the juveniles migrate across the Atlantic 

into the estuarine and fresh water habitats of the St. Johns River where they may live for 

decades prior to their return to the Sargasso Sea for spawning. 
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3) Freshwater species—these species are fresh water residents that spend their entire lives 

within freshwater reaches of the river.   Of particular interest here are the fishes that 

support valuable recreational fisheries: largemouth bass (Micropterus salmoides), black 

crappie (Pomoxis nigromaculatus) and sunfish (Lepomis spp.).   

4) Estuarine species—these are species such as spotted seatrout (Cynoscion nebulosus), that 

spend most of their lives within the brackish water portions of the St. Johns River. Other 

estuarine species include anchovies (Anchoa spp.), sheepshead minnow (Cyprinodon 

variegates), bay whiff (Citharichthyes spilopterus) and hogchoker (Trinectes maculates). 

5) Marine species—these are saltwater species. Many of these species utilize the estuarine 

areas within the St. Johns River as nursery habitats.  Members of the drum family (e.g. 

red drum (Sciaenops ocellatus), spot (Leiostomus xanthurus) and croaker (Micropogonias 

undulatus) exhibit this life history pattern as do striped mullet (Mugil cephalus), a 

valuable prey species for many fishes.  Many species may be considered both estuarine 

and marine.  

The St. Johns River has historically supported valuable commercial fisheries although most 

commercial fishing operations have ceased or greatly decreased.  From 1948 to 1953, over 4.5 

million kg (10 million lbs) of fish were commercially harvested from the river by haul seines in 

the Lake George area alone (Moody 1961). Dominant species harvested included gizzard shad 

(Dorosoma cepedianum), black crappie, white catfish (Ameiurus catus), and channel catfish 

(Ictalurus punctatus).  Red drum, southern kingfish (Menticirrhus americanus ), and black drum 

(Pogonias cromis ) are just a few of the saltwater species that have been commercially exploited 

(Bass and Cox 1988). Significant commercial fisheries once existed for American shad. From the 

late 1890s through the turn of the century, 450,000 to 1.4 million kg (1 to 3 million lbs) of 

American shad were harvested annually (McBride 2000). From the 1920s to the 1960s annual 

landings fluctuated between 91,000 and 408,000 kg (200,000 – 900,000 lbs) (Walburg and 

Nichols 1960). Since the 1970s, landings have declined to zero as stocks have declined along the 

entire eastern seaboard. Much of this decline has been attributed to spawning and nursery habitat 

loss, as well as offshore commercial fishing (ASMFC 1999).  Complete closure of all off-shore 

commercial fisheries occurred in 2005 (ASMFC 1999). As part of the shad stock recovery 

efforts, Florida is now required by the Atlantic States Marine Fisheries Commission to conduct 

annual spawning stock surveys in the St. Johns River and to calculate mortality and/or survival 

estimates (Gamble 2002). 

In addition to the commercial fishery, the St. Johns River also has historically supported and 

continues to support a significant recreational fishery for both American shad and Hickory shad 

(McBride 2005). The most sought-after freshwater species by fisherman include largemouth bass 

(Micropterus salmoides), black crappie, bluegill (Lepomis macrochirus), redear sunfish (Lepomis 

microlophus), and redbreast sunfish (Lepomis auritus)(Cheek et al. 1984; Bass and Cox 1988; 
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DeMort 1990; Holder et al. 2006). Popular saltwater or estuarine species include red drum, 

spotted seatrout, black drum, and Atlantic croaker (Micropogonias undulatus) (DeMort 1990).  

Potential Effects of Surface Water Withdrawals on Fish Communities 

The potential effects of water withdrawals on fishes can be divided into two basic categories: 1) 

direct effects from entrainment or impingement of fishes by the water withdrawal systems and 2) 

indirect effects associated with changes in habitat.  

1. Impingement and Entrainment 

Nationwide, large numbers of fish are lost annually to water diversions for power generation, 

irrigation, and industrial and domestic use (Boreman 1977; Porak and Tranquilli 1981; Post et al. 

2006; EPA 2008).  Such impacts include death or injury to aquatic organisms by impingement 

(being pinned against screens or other parts of water intake structures) or entrainment (being 

drawn into water systems and subjected to thermal, physical, or chemical stresses). The exposure 

of fishes to potential effects from water intake structures varies as a result of their different life 

history characteristics in relation to the location, size and intake velocity  of the intake structure.   

Many facilities that withdraw water typically place screens in front of their water intakes to 

prevent juvenile and adult fishes and debris from entering their systems.  In systems with high 

flow rates and large intake sizes, juvenile and larger fishes may be impinged.  Current EPA 

recommendations are that intake velocities should not exceed 0.15 m/sec (0.5 ft/sec) to minimize 

adult and juvenile loss (Boreman 1977; EPA 2004). Adult and juvenile impingement is not 

anticipated to be a significant issue with the proposed water withdrawal facilities on the St. Johns 

River because design criteria can be established to ensure water intake velocities to allow mobile 

fishes to avoid filtration screens (Zeitoun et al. 1981; Gowan et al. 1999).  

Fish eggs and larvae, however, are too small to be trapped on filtration screens and lack the 

mobility to avoid being entrained into water systems.  Fish eggs and larvae entrained by 

municipal water withdrawals suffer complete mortality because they are directly removed from 

the system. This entrainment may cause significant larval mortality, reducing recruitment into 

the adult population (e.g., Horst 1977, Boreman et al. 1981, EPRI 1999, 2002, Van Winkle 2000, 

Van Winkle and Kadvany 2003).  Conversely, even though very large numbers of eggs and 

larvae may be lost in some water systems, their relative proportion of the overall production of 

eggs and larvae in the region may be minimal, and direct impacts on population dynamics of 

species may be undetectable (Gallaway et al. 2007).  

The biological and ecological attributes of the reproductive characteristics of individual species 

determine the vulnerability of their early life history stages to entrainment. Unfortunately, 

reproductive and early life history information for most fish species in the St. Johns River system 

is incompletely understood or lacking. The entrainment loss due to water withdrawals from the 
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St. Johns River will depend heavily on 1) location of the intake facilities relative to spawning 

sites and larval habitats; 2) the proportion of spawning sites and larval habitat near withdrawal 

facilities; 3) the temporal and spatial occurrence of eggs and larvae; 4) larval swimming speeds 

and sizes at which larvae are no longer vulnerable to entrainment; 5) intake structure design; 6) 

intake velocities; and 7) drift rates or sweep velocities past the intake structure.  Potential 

entrainment losses are particularly salient with regards to potential withdrawal impacts on 

American shad reproduction.  Surface water withdrawal locations that are currently being 

considered at State Road 50, near Lake Jessup, and at Yankee Lake are located within the center 

of what is reported to be the primary spawning grounds of American shad in the St. Johns River 

(Walburg 1960; Williams and Bruger 1972).  

An evaluation of the potential direct loss of fish eggs and larvae by entrainment is an important 

data gap that needs to be filled to fully evaluate ecological impacts of proposed surface water 

withdrawals. To meet this goal intensive larval fish monitoring is being conducted for inclusion 

in the Phase II report of this study. This sampling effort is described in detail in Appendix B.  

Entrainment estimates obtained from this sampling effort will be used to estimate population 

impacts.    

The impacts of impingement and entrainment on fish populations have been studied since the 

issue was first raised in the early 1970s.  Methods to estimate the magnitude of impacts have 

been continually refined, and numerous analytical approaches are now employed to answer 

different questions about potential impacts.  Data collected in the on-going larval collections will 

be extrapolated to population level impacts using Empirical Transport Models (ETMs).  ETMs 

are widely utilized by regulatory agencies and industries to estimate the impacts of egg and 

larval entrainment (EPRI 1999, 2002, Englert and Boreman 1988, Boreman and Goodyear 1988). 

ETMs evaluate the relative proportion of the egg and larval populations that are physically 

vulnerable to entrainment.  The models estimate the potential survival rate of those larvae, 

calculate ―year 1 equivalent‖ losses as the potential numbers of year-old fishes that would result 

from egg and larval entrainment, and expand the results to consider population-level impacts.  

ETM analyses often focus on individual intake sites.  Because the potential water withdrawal 

projects could cause entrainment at a number of sites, any evaluation of entrainment impacts 

must consider cumulative impacts from multiple projects and other industries that may entrain 

larvae within specified sections of the St. Johns River. 

 

2. Other Impacts on Fish and Fish Habitat 

Surface water withdrawals can affect many physical, chemical, and biological processes in the 

river. The severity of these impacts will be dependent on the magnitude of the withdrawals 

relative to the existing flow. During high flow conditions, the percentage of water being removed 

will be relatively small and impacts will likely be minimal.  Sustained water withdrawals will 

have their greatest impact during drought, or low flow conditions, when withdrawals will 
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constitute the highest percentage of the existing flow. The effects of proposed water withdrawals 

on water stages and flows, nutrient dynamics, and other water quality parameters in the river are 

being evaluated by hydrologic models and are presented in Volume I of this report. This 

information is critical to evaluating ecological impacts of the withdrawals.  A preliminary 

analysis of modeling results for the maximum potential cumulative withdrawals (991 million l/d 

(262 mgd) predicted median stage reductions in the lower basin of 3.5-4.5 mm (0.14-0.18 in.) 

and 36 mm (1.4 in.) in the middle basin (P. Sucsy pers comm.; see Volume I).  As stated, 

hydrologic and water quality modeling results are presently preliminary. Therefore, integrating 

detailed hydrologic and water quality results with information presented here, and with data 

collected by the on-going larval fish studies, will be a Phase II work product.  This Phase I report 

is simply an attempt to identify and consider important issues for assessing impacts of water 

withdrawals on St. Johns River fishes.  

In all evaluations of potential impacts of water withdrawals, it is important to recognize that the 

biology and ecology of fish species within each of the habitats of the St. Johns River are 

influenced by natural seasonal and episodic variations in environmental conditions, and by 

human influences on the biotic and abiotic conditions within the river.  Tremendous natural 

variation can occur in these environmental parameters, as exemplified by the relatively low water 

year of 2007, and the tropical-storm driven flooding during 2008.  These types of environmental 

variations typically lead to significant interannual variability in annual spawning success of 

many species, and ultimately, to fluctuations in fish population sizes (e.g. Houde 1987, 

Claramunt and Wahl 2000).  Potential impacts from water withdrawals need to be considered in 

context with current natural climatic variability and human impacts on the St. Johns River.   

An evaluation of potential impacts of water withdrawals on fishes of the St. Johns River must 

include an examination of the life history and biological processes that influence fish population 

dynamics that may be affected.  These life history and biological processes include: 

1) Reproduction:  Although resident, anadromous and catadromous fishes have different 

modes of reproduction, seasonal and interannual variations in water levels and flows can 

exert significant influences on spawning success.  These influences are exerted through 

mechanisms affecting the migration of adults to spawning regions and to specific 

spawning habitats during the reproductive season, and the occurrence of suitable 

spawning conditions (e.g., water temperature, substrate, flow rate, water quality).   

2) Egg development:  Fishes that spawn within the St. Johns River typically lay demersal 

eggs within nests, adhesive eggs that attach to the substrate, or floating eggs that drift 

until hatching.  Different water flow regimes in different habitats at different times can 

potentially affect all of these types of eggs through impacts on spawning substrate, water 

quality (especially dissolved oxygen), and drift of eggs along the river system. 
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3) Larval development:  Different fish species produce eggs that hatch into larval stages that 

vary widely in their development and competence.  Some nest-building fishes guard the 

nests until the eggs hatch; the larvae then develop and grow in nearby littoral habitats.  

Larvae of other nest builders may move up into the water column and into the limnetic 

zone for varying periods, reducing competition for zooplankton prey and allowing for 

greater dispersal.  Larvae from floating/drifting eggs generally hatch in a primitive 

condition, relying on yolk reserves to fuel development until they develop to a sufficient 

stage to begin feeding.  All fish larvae are susceptible to decreased growth and survival if 

the proper types and sizes of prey are not available in the right densities at the right time 

(Buckley et al. 1987).  Changes in flow regimes may affect the production of planktonic 

prey and predators, as well as affect the drift rates of larvae into suitable nursery habitats. 

Water quality is also a major factor that can affect larval survival water quality 

parameters must remain within specific levels to prevent physiological stress and 

mortality.   

4) Juvenile development:  Many species of St. Johns River fishes utilize aquatic vegetation 

along the river as their primary nursery habitat, so factors affecting the abundance and 

quality of this type of habitat can influence their growth and survival.  Species with 

drifting larvae may remain within the lakes and other habitats of the St. Johns River until 

they are capable of controlling their movement around the environment.  Anadromous 

species, however, must migrate downstream until they reach the estuary and ultimately 

the ocean.  Drift rates are heavily influenced by water flow in the St. Johns, so alterations 

in flow have the potential to influence transport of larvae and juveniles to the ocean 

habitats they will use as older juveniles and adults.  Juvenile estuarine and coastal fish 

species rely on the low salinity habitats in the northern reaches of the St. Johns River.   If 

water flow reductions are of significant size, it is possible the spatial coverage and 

distribution of  nursery habitats could be affected.. 

Using best professional judgment, we have identified the following potential 

environmental/ecological responses to surface water withdrawals that may cause the greatest risk 

to St. Johns River fishes. This summary is based upon the potential impact table presented in 

Appendix C. The likelihood of impact is based upon our analysis of the risk compared to the 

preliminary hydrologic modeling results (see Volume I).  A more complete risk analysis will be 

accomplished when a more detailed hydrologic impact assessment is considered in Phases II. 

Effects of withdrawals on water levels during the dry season will be a primary concern.     

 

 Freshwater Influences: 

o Water withdrawals could influence winter spawning migrations of American shad 

and may affect reproductive success if fish are unable to reach optimal spawning 

and nursery areas.  Water withdrawals during low-flow years could potentially 
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block migration to known riverine spawning areas  south of Lake Harney and 

impact reproductive success. Likelihood of Impact- Moderate  

o Reduced flow rates could influence the rate of downstream transport of American 

shad and other anadromous larvae. Migration occurs during the late summer wet 

season. Likelihood of Impact- Low  

o Current reversals in the rivers and lakes of the lower and middle basins are under 

the influence of tidal and meteorological forces.  Water withdrawals could 

intensify the intensity and  duration of these reversals thus affecting  the amount 

of time that fish larvae (particularly American shad) may remain in the vicinity of 

water withdrawal intakes. Likelihood of Impact- Moderate to High – this can  

magnify entrainment probabilities 

o Reductions in stage could impact availability of suitable or optimal spawning and 

/or nursery habitat for many species. Of particular concern could be important 

game species (e. g., largemouth bass, black crappie,and bluegill) that are nest 

builders. Likelihood of Impact- Low   

o Altered hydrology could affect recruitment of important fish species through 

effects on predator–prey dynamics.  Likelihood of Impact- Low, 

zooplankton/invertebrate response to water withdrawals important 

consideration. 

o Altered hydrology could affect survival of buoyant, semi-bouyant, or attached fish 

eggs. Effects would likely be species-specific.  Likelihood of Impact- Low  

o Water withdrawals could affect freshwater fish passage during low flow periods 

resulting in altered community structure in basin lakes.  Likelihood of Impact- 

Low   

 

 Water quality impacts (dissolved oxygen, temperature and nutrients): 

o Critically low dissolved oxygen levels (<1.0 ppm) can occur during summer, 

causing significant fish kills in portions of the rivers and lakes.  These oxygen 

crises appear to be linked to high temperatures, rainfall events, and nutrient pulses 

). Short-term anoxic events could have major impacts on fish population structure 

and abundance. Will water withdrawals exacerbate low dissolved oxygen events?  

Likelihood of Impact- Low to moderate, site specific,  a detailed consideration 

of withdrawals on water quality important.    

o Potential water withdrawals effects on the thermal regime could affect both biotic 

and abiotic factors.  Exacerbated low-water events could cause increased water 

temperatures that in turn could affect spawning behavior or egg and larval 

survival.  Thermal maxima in the summer and associated low oxygen levels can 

induce physiological stress in many fishes. Altered thermal regimes may affect 
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American shad migratory behavior. Power plant discharges may have a 

compounding effect  Likelihood of Impact- Low 

o Water withdrawal effects on water quality could impact turbidity, the occurrence 

of submerged aquatic vegetation (SAV), primary and secondary productivity, etc. 

Increased retention time due to water withdrawals could also have an effect.  

Primary affects may be on the ocurrence of cyanobacteria blooms. The intensity, 

duration and retrurn frequency of cyanobacteria blooms could ultimately impact 

nursery habitat and feeding conditions for planktivorous larval, juvenile and adult 

fishes. Likelihood of Impact- Low a detailed consideration of water withdrawals 

effects on phytoplankton important.  

 

 River- floodplain interactions: 

o Seasonal or episodic flooding of the river onto the surrounding floodplains can 

greatly expand the habitat available to fishes, with changes in feeding conditions 

and habitats being beneficial to some fish species. Likelihood of Impact- Low 

o Expansion of the river onto the surrounding floodplain can have as-yet 

undetermined impacts on larval fishes by impacting their transport, access to 

nursery habitat and feeding dynamics. Likelihood of Impact- Low 

 

 Estuarine influences: 

The estuarine portion of the lower St. Johns River is an extremely variable area that can 

experience wide fluctuations in salinity and other environmental parameters over tidal and 

seasonal cycles, and in response to strong winds and rain events.  Water withdrawals could: 

 

o Affect salinity regimes and alter species abundances, distribution and dispersal 

patterns of larval and juvenile fishes. Likelihood of Impact- Low  

o Reductions in stage could affect species composition, distribution and abundance 

of the SAV habitat that is vital to many fishes. Likelihood of Impact- Low, effect 

of water withdrawal on SAV important.  

o Effects of water withdrawals on salinity regimes could affect predator-prey 

dynamics of estuarine species by shifting distribution of critical habitats of all life 

stages. May be more important during low-water years.  Likelihood of Impact- 

Low to moderate.  

Species abundance, distribution, and dispersal patterns of larval and juvenile fishes in the St 

Johns River estuary are not well documented.  Most fisheries survey work in the river has 

centered around catch rates of adults (Walburg 1960; Moody 1961).  More detailed information 

on factors affecting the abundance, distribution, and recruitment success of important estuarine 

species would be useful for evaluating the potential effects of water withdrawals.  As a part of a 
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long-term program to monitor the relative abundance of estuarine fishery resources in Florida, 

the Florida Fish and Wildlife Conservation Commission (FFWCC) began monitoring juvenile 

abundance at a number of sites in the St. Johns River downstream of Green Cove Springs  in 

2001 (FWC-FMRI 2001).  In 2005, sampling was expanded upstream to Palatka (Solomon and 

Brodie 2007).  Sampling currently is conducted monthly at 80 sites with 21.3-m bag seine and a 

6.1-m otter trawl. To date, these data have been summarized to provide species composition and 

relative abundance estimates, but have not been analyzed sufficiently to be useful for evaluating 

the effects of water withdrawals on estuarine fish communities.  A more detailed analysis of 

these data to look at relationships between juvenile abundance and various abiotic factors (e.g., 

salinity), habitat types, and flow characteristics would be valuable to this assessment of potential 

water withdrawal effects.  Similar analyses to look at freshwater inflows and their effects on 

estuarine habitat have been conducted for several Florida west coast rivers (Peebles and Flannery 

1992; Flannery et al. 2002; Peebles 2002b; Peebles 2002a) 

Indicator Taxa 

Impacts of surface water withdrawals on St. Johns River fishes will likely be more subtle than 

the broad-based community changes associated with other activities such as dam construction or 

extensive flow regulation (Richter et al. 1996). Potential impacts of water withdrawals are likely 

to be species-specific.  We identified 22 species that might be good indicator taxa for looking at 

the effects of water withdrawals.  Each of these species either have life history characteristics 

that may make them vulnerable to habitat alteration stemming from reductions in flow or stage, 

or they have regulatory or ecological importance (Table 1).    

Family Acipenseridae:   

Two species of sturgeon, the shortnose sturgeon (Acipenser brevirostrum) and the Atlantic 

sturgeon (A. oxyrhynchus) have occurred in the St. Johns River (Evermann and Kendall 1900; 

McLane 1955) but both have been extremely rare.  McLane (1955) only observed one of each 

species in the river over an 8-year period in the 1940s. Between 1976 and 1981, FFWCC staff 

examined 15 sturgeon, nine shortnose and six Atlantic, captured in gill nets near Bostwick (Cox 

et al. 1981).  The last verified capture of a shortnose sturgeon was in January 2002 near Federal 

Point (J. Holder FFWCC pers.comm). The last verified capture of an Atlantic sturgeon was in 

April 1981 (J. Holder FFWCC pers.comm). 

Likelihood of Impact-Low   The extremely low abundance and lack of evidence of reproduction 

of sturgeon in the system, suggests that impacts arising from potential water withdrawals on 

these species would be minimal. However, we cannot predict what the impact of future water 

withdrawals may be on potential stock recovery.   

Family Anguillidae: 
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American eel  

American eels support a small commercial fishery in northeast Florida, with most effort 

expended in the St. Johns River.  Annual catch statistics have been highly variable, with a 

continuous decline observed since 1990 (Bonevechio and Johnson 2007).  Commercial 

harvesting records may not be complete, however, due to variations in data collection  

Table 1. Fishes of the St. Johns River system of significant fishery, ecological or regulatory 

importance that merit consideration with regards to potential  impacts caused by surface  water 

from the St. Johns River. 

A = Anadromous, C = Catadromous, FW = Fresh water, E = Estuarine, M=Marine 

COMM = Commercial fishery; ECO = Ecological importance, REC = Recreational Fishery, REG = Regulated  

 

    

Scientific Name Common Name Life Mode Importance  

Acipenseridae    

       Acipenser brevirostrum Shortnose sturgeon A REG 

       Acipenser oxyrhynchus Atlantic sturgeon A REG 

Anguillidae    

       Anguilla rostrata American eel C COM 

Clupeidae    

       Alosa aestivalis Blueback herring A ECO;REG 

       Alosa mediocris Hickory shad A REC, REG 

       Alosa sapidissima American shad A REC, REG 

       Dorosoma cepedianum Gizzard shad FW ECO 

       Dorosoma petenense Threadfin shad FW ECO 

Ictaluridae    

       Ictalurus punctatus Channel catfish FW REC,COMM 

Centrarchidae        

       Lepomis auritus Redbreast sunfish FW REC 

       Lepomis gulosus Warmouth FW REC 

       Lepomis macrochirus Bluegill FW REC 

       Lepomis microlophus Redear sunfish FW REC 

       Lepomis punctatus Spotted sunfish FW REC 

       Micropterus salmoides Largemouth bass FW REC 

       Pomoxis nigromaculatus Black crappie FW REC 

Moronidae    

       Morone saxatilis Striped bass FW REC 

Sciaenidae    

       Cynoscion nebulosus Spotted seatrout E REC 

       Leiostomus xanthurus Spot M,E REC 

       Micropogonias undulatus Atlantic croaker M REC 

       Sciaenops ocellatus Red drum M,E REC 
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Mugilidae    

       Mugil cephalus Striped mullet M,E ECO 

 

methodology.  A specific eel permitting system was implemented in 2006, with 11 permits 

issued to commercial eel harvesters during FY 2006-2007.  The annual value of the fishery was 

estimated at $5,000 to $35,000 from 2001 to 2006, considerably less than the $546,000 value for 

the biggest harvest recorded in 1989 (Bonevechio and Johnson 2007). 

This catadromous species spawns in the Sargasso sea (McCleave and Kleckner 1982, Kleckner et 

al. 1983), producing leptocephalus (―slender-head‖) larvae that are transported by the Gulf 

Stream along the eastern coast of North America.  Larvae metamorphose into ―glass-eel‖ 

juveniles as they enter into estuaries and river systems from the St. Johns River to Canada (Facey 

and Van den Avyle 1987; Powles and Warlen, 2002).   

Newly metamorphosed glass eels enter Florida streams in January-March (Harris and McBride 

1004, Bonvechio and Johnson 2007).  In other habitats, they have been shown to move up into 

the water column to enhance upstream movement on flooding tides, then settle to the bottom to 

avoid downstream transport on ebbing tides (McCleave and Kleckner 1982). They have the 

ability to move past low-head waterfalls, and accumulate below dams that block upstream 

migration.  Recent FFWCC studies at the Guana River Dam and Rodman Dam show that glass 

eels and slightly older pigmented juveniles can be captured in the spillways below the dams.  

Glass eels were taken at the Guana River Dam during January and February in 2001-2006, with 

highly variable rates in annual catch and one or two peaks in catch rate each winter (Bonvechio 

and Johnson 2007).  Environmental variables associated with water release from the Guana Dam 

were examined to determine if they were associated with catch rates.  Salinity was the only 

factor that was consistently associated with catch rates, but the data only explained 14-35% of 

the catch variability, indicating that other factors play major roles in the abundance of glass eels 

below the dam.   

Larger pigmented juveniles were captured below the Rodman Dam near Palatka from February 

through March during collections made in 2001, 2002 and 2004 (Bonvechio and Johnson 2007).  

The delay in capture time, the larger size and the increased pigmentation of these juveniles 

reflects the time spent migrating since their entry into the mouth of the St. Johns River.  No 

relationship was observed between catch rate and environmental variables (temperature, salinity 

or water discharge), although episodic high discharge rates may have negatively affected 

sampling efficiency.  Studies in other systems indicate that juveniles continually move upstream 

regardless of current velocity (Barbin and Kreuger 1994), although Martin (1995) suggests that 

increased tidal height and reduced river flow can enhance upstream movement. Crumpton and  

Johnson (2003) found that catches of elvers in estuarine waters increased when flows decreased 

after pulses of high flow, with peak catches at flows < 0.1m/sec (0.3 ft/sec). Overton and 
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Rulifson (2008) observed upstream juvenile movement in the Roanoke River only during periods 

of relatively low flow. 

Juvenile and immature ―yellow‖ eels move into diverse habitats ranging from small streams to 

backwaters and swamps, lakes, springs and caves (Helfman et al. 1984, 1987) where they feed 

on aquatic invertebrates and fishes, including dead organisms.  They are highly tolerant of 

variable water quality conditions, although they prefer salinities less than 12 psu and dissolved 

oxygen levels of 5-9 mg/l (parts per million).   

Eels spread through much of the St. Johns River system, and the commercial fishery catches eels 

ranging from 30-66 cm (13 -26 in.) in the lakes, tributaries and main channels of the upper, 

middle and lower river basins (Bonvechio and Johnson 2007).  In other regions, the immature 

yellow eels grow and live in riverine systems for 5-20 years before migrating downstream to the 

ocean and ultimately to the Sargasso Sea where they spawn and die.  No information is available 

on the timing or factors affecting their downstream migration.   

Likelihood of Impact-Low    This catadromous species is highly adaptable to different habitats 

within the St. Johns River system, and appears to be relatively unaffected by alteration in flow 

rates. 

Family Clupeidae: 

The herrings, shads and menhadens comprise one of the dominant families within the St. Johns 

River.  Many of these small schooling fishes comprise important commercial and recreational 

fisheries, and their great abundance makes them important prey for piscivorous fishes and birds. 

Four of the nine species of clupeids spawn in coastal or offshore waters, and utilize the estuarine 

portion of the St. Johns River system as nursery habitats (Atlantic menhaden [Brevoortia 

tyrannus], Yellowfin menhaden [B. smithi], Scaled sardine [Harengula japonica] and Atlantic 

thread herring [Opisthonema oglinum]).  Menhaden comprise a valuable commercial fishery in 

coastal waters, while sardines and herrings are the subject of valuable bait fisheries. 

The gizzard shad (Dorosoma cepedianum) and threadfin shad (D. petenense) are primarily 

freshwater species, although adults are sometimes found in estuarine habitats.  These 

planktivorous fishes are extremely abundant throughout the St. Johns River (Cox et al. 1980). 

The three species of river shad that utilize the St. Johns River, Blueback herring (Alosa 

aestivalis), Hickory shad (A. mediocris) and American shad (A. sapidissima) are anadromous 

species that live in coastal and oceanic waters as adults and migrate into freshwater habitats to 

spawn.   The geographic range of all three species extends from Nova Scotia to Florida, with the 

St. Johns River being the southernmost spawning habitat (Williams et al. 1975; McBride 2000; 

Harris and McBride 2004; Harris et al. 2007). 
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American Shad 

American shad is the most intensively studied species in this group because it traditionally 

supported valuable fisheries along almost the entire eastern seaboard of North America, with 

catches in the 1890s exceeding nearly 23,000 metric tons.  Catches declined sharply in the early 

20
th

 century as a result of overfishing, habitat loss and pollution (Limburg et al. 2003), and 

restoration efforts are now targeted at rebuilding populations in many rivers.  The species is also 

considered to be the most vulnerable of the anadromous fishes in the St. Johns River to 

fluctuations of water level and flow (McBride 2000; Harris and McBride 2004). 

Fisheries for the American shad started early during the colonial period of the continent, and 

have had profound influences on the development of societies in different regions (McPhee 

2002).  Construction of dams that interfered with their anadromous spawning migrations 

generally led to declines in populations in many rivers.  The decline in the abundance of 

American shad triggered development of many remedial measures, including construction of fish 

ladders that enable fish to bypass dams and intensive aquaculture efforts to rebuild depleted 

stocks.  Other anthropogenic stresses that affect shad populations include pollution of spawning 

and nursery areas, sedimentation and dredging, entrainment into industrial water supplies, and 

overfishing (McBride 2000).   

Juvenile American shad emigrate from their spawning sites into the coastal Atlantic Ocean and 

begin an extensive migration along the east coast of North America.  These migrations have been 

examined through intensive tagging programs (Talbot and Sykes 1958; Leggett and Whitney 

1972; Leggett 1977; Neves and Depres 1979; Melvin et al. 1986; Dadswell et al. 1987).  An 

analysis of the aggregate data set showed that although shad populations from different river 

systems can mix within the oceanic habitat, fish from different regions appear to utilize different 

regions of the ocean during some seasons (Limburg et al. 2003).  During the winter, shad 

aggregate in three primary regions: off northern Florida, in the middle Atlantic Bight, and on the 

Scotian Shelf.  As summer approaches, shad from Florida and the middle Atlantic Bight migrate 

into their feeding grounds in the Bay of Fundy, while the northernmost populations move into 

the St. Lawrence Estuary or off Labrador or Newfoundland.    

As fish grow through their repeated seasonal migrations, they ultimately grow to reproductive 

maturity and reenter their natal rivers on their northward migration.  This spawning site fidelity 

is a mechanism that allows genetic adaptation and evolution of life history traits to specific 

habitats (Carscadden and Leggett 1975; Leggett and Carscadden 1978; Glebe and Leggett 1981a; 

Glebe and Leggett 1981b).  Some straying from natal rivers does occur (Waters et al. 2000), 

allowing limited genetic mixing. 

Shad beginning their spawning migrations appear to follow thermal, olfactory and visual cues, 

with entry into the estuaries leading to their natal rivers occurring at temperatures of 13-18ºC 
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(Dodson and Leggett 1973; Melvin et al. 1986).  This pattern leads to a seasonal succession of 

spawning runs, beginning in Florida during December, January and February (Leggett and 

Whitney 1972; Williams and Bruger 1972; Williams et al. 1975), and progressively later in the 

spring in rivers further north. Early studies indicated that shad do not feed during their spawning 

runs, and thus experience significant weight loss (Glebe and Leggett 1981a; Glebe and Leggett 

1981b; Leonard and McCormick 1999).  Walter and Olney (2003) demonstrated that adult shad 

feed in estuaries at the onset of the spawning run, with mysid shrimp and other small crustaceans 

comprising the majority of the stomach contents.  Feeding dropped off significantly near the 

spawning sites, with only woody and green plant material found in the stomachs of fish in the 

spawning habitat. 

The mid-winter onset of spawning is just one of many differences separating Florida populations 

from the fishes inhabiting rivers further north. St. Johns River shad return to spawn at an average 

age of 4 years (range = 3 to 6 years) and a length range of 317-480 mm (12.5 – 19 in) ((McBride 

2000).  Shad from Florida, Georgia and South Carolina have a semelparous reproductive history, 

i.e. they spawn during one season and then die (Leggett and Carscadden 1978; McBride 2000).  

Iteroparity (survival to spawn in repeated years) increases with latitude, with repeat spawners 

increasing from 5% of the fish populations in the Neuse River, NC (LaPointe 1957) to 95% in 

the St. Lawrence River (Provost 1987 (cited in Limburg et al. 2003). Northern populations 

mature at older ages, can spawn repeatedly, and the oldest fish have been estimated to reach 10 

years (Leggett and Carscadden 1978).   Studies performed prior to 1980 reported a trend to 

increasing mean size with increasing latitude, but more recent data compiled by Limburg et al. 

(2003) indicate that this relationship may not hold; smaller mean sizes were found in Chesapeake 

Bay rivers and the St. Lawrence River.  Whether the smaller mean sizes at these sites are related 

to recent fishing pressure, responses to local environmental stresses, or reflects changes at all 

sites (even those where the only size data are at least 30 years old), is unclear. 

Despite their relatively young age at spawning, shad from the St. Johns River have a high 

absolute fecundity (total egg production/season), and fecundity decreases with increasing latitude 

(data compiled by Limburg et al. 2003).  An average 45 cm female from the St. Johns produces 

500,000-600,000 eggs (Walburg 1960) during her one spawning season.  Females from the St. 

Lawrence River average 150,000 eggs per season, but they can spawn repeatedly up until 10 

years of age (Provost 1987 cited in (Limburg et al. 2003)).  Although the occurrence of this 

latitudinal gradient has been widely accepted, a more recent comparison of shad from the St. 

Johns River, York River and Connecticut River (Olney and McBride 2003) presents a more 

complicated picture.  They examined hydrated oocytes collected from females on the spawning 

grounds of each river, rather than counting total oocytes of different developmental states in the 

ovaries.  Hydrated oocytes will be ovulated and spawned, generally within 12-24 hours.  Other 

oocytes may accumulate yolk in preparation for hydration and ovulation, but they can be 

reabsorbed if conditions are not favorable.  Olney and McBride (2003) indicate that batch 
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fecundities of 34,000-45,000 hydrated oocytes are not significantly different between the 

semelparous population in the St. Johns River and the iteroparous populations in the York and 

Connecticut Rivers.  They were not able to answer the questions that follow from their 

observations:  How many batches of oocytes will females produce during their spawning 

seasons; how consistent are the sizes of batches produced during the spawning season; and how 

should previous estimates of total fecundity be modified to account for oocytes not released 

during the spawning season? 

Leggett and Carscadden (1978) examined the distinctive latitudinal gradient in reproductive 

parameters (age at spawning, frequency of spawning, and fecundity).  Their primary conclusion 

was that this gradient was primarily due to the variability in the thermal regime in the rivers that 

influence egg and larval survival.  Their reasoning was that southern rivers have a more 

consistent and predictable thermal regime than highly variable and harsh northern rivers.  This 

more consistent and predictable habitat for eggs and larvae would promote higher survival and 

recruitment, and select for maximizing the allocation of energy into egg production each year. 

Although Leggett and Carscadden‘s (1978) observations on the latitudinal gradient in 

reproductive parameters may hold for age at spawning and annual frequency of spawning, Olney 

and McBride‘s (2003) data on batch fecundity suggest that the prior analysis may not be fully 

correct.  Leggett and Carscadden did not consider factors beyond the predictability of the thermal 

regime for larval survival.  Other parameters can have a dramatic influence on larval survival, 

including feeding regimes, water quality, and mechanisms of larval/juvenile transport to the 

estuary and ocean.   If these parameters indeed influence juvenile recruitment, and if they are not 

consistent and predictable, then reasons for the semelparous nature of reproduction of American 

shad in the St. Johns River must be reconsidered. 

American shad are reported to spawn over sand or gravel substrates in water depths of 1-10 m 

(3.2-32.8 ft) (Walburg and Nichols 1960), with peak spawning activity between sunset and 

midnight (Marcy 1972).  Several studies found that spawning usually occurred in areas with 

water velocities of 30.5-91.4 cm/sec (1.0 - 3.0 ft/sec) (Massman 1952; Hightower and Sparks 

2003). The eggs are demersal and non-adhesive (Williams and Bruger 1972), so they can drift 

downstream with the current.    

Hatching time decreases with increasing temperature, ranging from 3-7 days (Marcy 1972).   

Larvae hatch in a primitive non-feeding stage, where nutrition provided from their yolk sacks 

provides the energy to complete development of functional jaws, eyes and other basic organ 

systems. Studies on Chesapeake Bay populations report that larvae need temperatures of 15.5º-

26.1ºC, pH> 7.0, and dissolved oxygen > 5.0 mg/l (parts per million), with optimal growth at 

temperatures above 20ºC (Leach and Houde 1999). 
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Larvae begin feeding on small zooplankton and progress to larger plankton, aquatic insect larvae 

and flying insects that settle on the water‘s surface (Crecco and Savoy 1987a, b; Leach and 

Houde 1999; Limburg et al. 2003).  Testing of match/mismatch and critical period hypotheses of 

recruitment variability on Connecticut River stocks of American shad demonstrated a strong 

inverse correlation between mortality rates of first-feeding larvae and year-class strength (Crecco 

and Savoy 1987a).  Year-class strength of American shad in the Connecticut River was found to 

be regulated primarily by spawning season river flow and temperature conditions, mediated by 

density-dependent processes such as parent stock size.   

This feeding occurs as larvae grow into juveniles while moving downstream toward their 

estuarine nursery and ultimately the ocean.   Movement into tidally-influenced, low salinity 

nursery habitats is associated with increasing temperatures and water flow rates (Williams and 

Bruger, 1972).  The timing of emigration from the natal rivers appears to be highly variable, 

ranging from 2-10 months in different rivers (Marcy 1972; Williams and Bruger 1972; (O'Leary 

and Kynard 1986).  ―Early‖ entrants into saltwater habitats appear to be more physiologically 

competent to adapt to changing salinities than ―late‖ entrants (Zydlewski et al. 2003).  Hoffman 

et al.  (2007) determined that peak migration of juvenile American shad from rivers into 

Chesapeake Bay occurred during November and December, where juvenile overwintered for 

several months before migrating into the Atlantic Ocean.  Emigration rates presumably are 

influenced by seasonal decreases in water temperature, length of the river, current velocities, 

estuarine retention mechanisms and growth rates of the juveniles, but details of the associations 

have not been fully defined. 

The first systematic surveys of American shad in the St. Johns River provide important 

information on the life history of the species at the southern edge of its natural range.  McLane 

(1955) reports on breeding condition adult shad harvested by drift nets near the mouth of the 

river.  Walburg (1960) further refines the peak of the spawning migration, with good catches 

made at the river mouth from December through February, with a peak catch being made in 

January.   

Williams and Bruger (1972) conducted an intensive study of American shad spawning and larval 

drift in the St. Johns River during April 1969 and the winter of 1969-1970.  Their most intense 

effort was a monthly plankton net sampling from December 1969 to May 1970 at 32 stations 

from Lake George to Lake Hell‘n Blazes.  Shad eggs in the plankton net samples identified the 

onset of spawning as December, with increasing activity in January, and peaking in February and 

March.  Spawning declined greatly in April and was essentially over by May.    

Peak spawning in April 1969 was observed between Lake Harney and Lake Poinsett, with the 

area between Lake Monroe and Lake Harney also experiencing significant spawning activity 

(Williams and Bruger 1972).  The pattern was reversed in 1970, with Lake Monroe-Lake Harney 

having a higher density of eggs and the Lake Harney-Lake Poinsett region having a somewhat 
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reduced level of spawning activity.  Minor spawning activity was observed as far upstream as US 

Route 192 near Melbourne, and as far south as Crows Bluff, west of DeLand.  Examination of 

habitat parameters at sampling sites indicated that eggs were generally collected over a clean 

sand substrate free of mud and silt, with depths less than 4 m, and with a current velocity of 30-

45 cm/sec (1.0 – 1.5 ft/sec).  This type of substrate dominated the river between Lake Monroe 

and Poinsett, with shallow sand bars interspersed with deeper sandy channels.  Dredging of the 

St. Johns Waterway, a 4 m (13.1 ft) deep navigational channel, eliminated most of those types of 

habitats north of Lake Monroe.  Adult shad were also reported in the Econlockhatchee River in 

the spring of 1969.  Six rotenone samples below the Highway 13 bridge crossing yielded 116 

American shad (Anonymous 1969).    

The shift in peak spawning location between 1969 and 1970 was attributed to a change in the 

flow rates in the St. Johns River (Williams and Bruger 1972).  During the relatively low flow 

year of 1969, shad spawning was concentrated in the upper stretch of the spawning habitat, 

between Lake Harney and Lake Poinsett.  This region has the greatest vertical relief in the very 

shallow gradient of the river, and thus had the highest water flow velocities.  The low water 

levels triggered little current flow in the downstream area between Lake Monroe and Lake 

Harney.  The following year had higher water levels increased  velocities  in the river between  

between Lake Monroe and Lake Harney and increased  spawning occurred in this  area.   

The FFWCC has been conducting a biweekly electrofishing study of the distribution of 

American shad during January to May each year since 2002 (Holder et al. 2006; Holder et al. 

2007).   Sampling is being conducted between Lake Monroe and Iron Bend, near Puzzle Lake 

and near State Road 50.  Initial evaluation of the data indicates that adult shad abundance has 

remained relatively constant over the 6 years of the study. Low water conditions in 2006 and 

2007 limited spawning to a small section of the river upstream of Lake Harney, further indicating 

the influence of stream depth and flow velocity conditions on spawning of this species. 

A trammel net study was used to capture adult shad 2 km upstream of Lake Harney was 

conducted in winter 1970-71 and 1971-72 (Davis 1980).   Weekly sampling detected two peaks 

of abundance at the site during both years, with one peak in January and early February, and the 

second peak from late March into May.  Female shad had well developed ovaries during most of 

the 1971 run, but eggs were hydrated and freely flowing only on 23 February 1971.   The effects 

of repeated spawning and lack of eating was reflected in the steady decrease in the weight of 

both males and females during the 1971-1972 spawning run.  Male weights dropped from 678 g 

(21.8 ounces) to 372 grams (12.2 ounces), and females dropped from 1,520 g (48.9 ounces) to 

825 grams (26.5 ounces; Davis 1980). 

Williams and Bruger (1972) used seines and other sampling gear to track the growth, feeding 

habits and downstream movement of juveniles.  Their data show that juveniles grew from 12-15 

mm (0.5 – 0.6 in.) in length in April to about 100 mm (4.0 in.) at ocean entry in December.  
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Stomach contents were dominated by planktonic crustaceans, aquatic insect larvae and adults 

insects.  Their data suggest that movement from the spawning grounds to what they call the 

nursery area north of Lake George is influenced by current and rising spring water levels.  In the 

1969 spawning season, juveniles reached Lake George by May.  Almost all juveniles were north 

of Lake George by June, when water temperatures were highest.  Movement into brackish water 

occurred in August and September, and emigration into the ocean occurred in late November or 

early December.  There was little or no water flow between Lake George and north of Lake 

Harney in late spring and summer of 1970, when water levels were extremely low.  This low 

flow may have hindered downriver migration, and juveniles did not enter brackish water until 

November, three months later than in 1969.  Some of these juveniles remained in the estuary 

until March 1971, approximately 12 months after they had been spawned. 

Tripple et. al (2007) surveyed the passage of juvenile American shad and other Alosa species as 

they migrated downstream toward the estuarine mouth of the St. Johns River.  Their efforts 

focused on surface trawl net and electrofishing collections in the region around Palatka, about 

127 km (79 mi.) from the mouth of the river.  Although their collection numbers were low (n= 23 

American shad for trawl samples and 55 for electrofishing samples), the juveniles were collected 

primarily from September to December.  The sizes of these juveniles, and the time of their 

passage near Palatka show similar trends to the 1969-70 data from Williams and Bruger (1972). 

Likelihood of Impact-Moderate to High   The American shad appears to be the species that is 

most vulnerable to impacts from potential water withdrawal projects in the middle basin of the 

St. Johns River: 

 Adult spawning migrations – Alterations in water flow rates have the potential to affect 

the upriver spawning migration of adult shad.  Access to some spawning habitats may be 

blocked under extreme low flow conditions.  Optimum depths for American shad to pass 

through pool-and-weir fishways is at leat 23 cm (9 in.) (Weis-Glanz et al. 1986).   The 

limited data presently available suggest that spawning occurs in portions of the river that 

contain suitable flow velocities and sandy substrates, and that these conditions are present 

in different parts of the river during different flow regimes. 

 Entrainment – Eggs and larvae are potentially subject to direct entrainment as they slowly 

drift downstream in late winter and early spring.  Intake sites are being considered in the 

center of what is known as ―shad alley‖, a historical spawning area.  The magnitude of 

entrainment will depend on the velocity of water passing the withdrawal sites and the 

quantity of water being withdrawn. Initial evaluations of flow rates in the middle basin of 

the St. Johns River indicate that downstream current velocities are generally very slow, 

and that tidal and wind forcing can cause the current in this region to reverse direction.  

The overall effect of these reversals could be to increase the time that larvae are subject 

to entrainment.  The risks of larval entrainment decrease as larvae grow and become 

more capable of avoiding intake structures. 
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 Juvenile migrations – Existing data suggest that water flow helps juveniles slowly 

migrate toward the ocean.  The actual rate of migration and the impacts of varying 

current velocity have not been determined. Anoxic events in the lower basin may also 

interfere with seaward migration.   

We believe that additional data collection is needed to determine the spatial and temporal 

distribution of American shad under differing flow conditions , to evaluate factors influencing 

recruitment to an age of one year and, to look at effects of water quality in the lower basin on 

juvenile survival during their seaward migration.  Additional data collection will help determine 

how water withdrawals may affect future stock recovery efforts.  

Hickory shad 

The hickory shad is an anadromous species that spawns from the St. Johns River, Florida, to 

rivers in Maryland.  The oceanic migratory patterns are unknown but adults migrate up rivers to 

spawn during the winter and spring (Mansueti 1962; Williams et al. 1975).   Eggs are spawned in 

winter and spring in main channels and tributaries throughout its range (Davis 1973; Burdick and 

Hightower 2006; Harris et al. 2007).  Eggs are initially adhesive and semidemersal, but become 

buoyant in moving water (Mansueti 1962). Juveniles migrate into estuarine nursery habitats.   

Relatively little research has focused on the hickory shad, which is much less abundant in the St. 

Johns River than the closely related American shad.  Recreational fisheries that targeted the 

American shad captured small numbers of hickory shad, which comprised 2.4% of the total catch 

(Walburg 1960; Walburg and Nichols 1960).  The two species look very similar, so the catch of 

hickory shad may be underestimated. 

Hickory shad migrate into the St. Johns River from November to March (McLane 1955, 

Williams et al. 1975; Harris et al. 2007).  Peak abundance, as determined by electrofishing 

surveys, was highest in February, corresponding to the time of lowest water temperature.  

Although these fish were reproductively active, none of the females had hydrated oocytes or 

post-ovulatory follicles in their ovaries.  The lack of ripe females collected in the mainstream of 

the St. Johns River (Harris et al. 2007), and the lack of their eggs or larvae in the intense 

plankton survey conducted by Williams et al. (1975) suggest that this species does not spawn 

within the main channel of the river.  The capture of four partially spent females in the Wekiva 

and Econlockhatchee rivers suggests that they spawn in tributaries of the St. Johns River (Harris 

et al. 2007).   Only six juvenile hickory shad were captured near Palatka by a year of sampling 

with trawl nets and electrofishing apparatus (Trippel et al. 2007). 

Examination of the scales of adult hickory shad shows that the species has an iteroparous 

spawning pattern in the St. Johns River, unlike the semelparous American shad.  Hickory shad 

begin spawning between ages 2 and 4, and reach a maximum age of 7 years (Harris et al. 2007).   

Analysis of their stomach contents (Williams et al. 1975, Harris et al. 2007) show that this 
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species is primarily piscivorous, and continues to eat during the spawning season.  Their diet is 

dominated by juvenile gizzard/threadfin shad, along with a small number of other fishes and 

crustaceans.   

Likelihood of Impact-Low  The hickory shad have an anadromous life cycle similar to the 

American shad, but they are much less abundant in the St. Johns River than American shad.  Few 

details are known about their reproductive and larval biology.   The very minimal data that are 

available suggest that spawning occurs in tributaries of the St. Johns River, and larvae drift 

downstream as they develop.  Alterations in flow rate that can affect adult spawning migrations, 

and entrainment of larvae are the primary concerns about potential impact on this species. More 

information is needed.  

Blueback herring 

The blueback herring is the smallest of the three anadromous Alosa species found in northeast 

Florida, reaching maximum sizes of about 270 mm (13 inches).  Although the species was fished 

and salted for human consumption in the 1800s, it is now primarily used for bait for commercial 

and recreational fishing activities.   

Very little research has been conducted on blueback herring in Florida ecosystems.  Williams et 

al. (1975) conducted the only study on the life history of blueback herring in the St. Johns River, 

which is the southern-most spawning habitat for the species that ranges along most of the eastern 

coast of North America.  Their data indicate that adult blueback herring migrate upstream from 

the Atlantic Ocean from late December through mid-March.  Analysis of scale data suggested 

that most spawning adults were 3-6 years in age, and that most fish spawned during a single 

season and then died.  Blueback herring in more northern habitats apparently are capable of 

spawning repeatedly over as many as 6 years (Beal1968 [cited by Williams et al., 1975], Creed 

1985).   

Plankton sampling in the St. Johns River conducted in 1972 and 1973 by Williams et al. (1975) 

captured American shad, hickory shad and blueback herring larvae.  Data on the occurrence of 

blueback herring larvae indicate that this species spawns in the main channel of the river from 

Lake George to Lake Poinsett, as well as in some tributaries of the main river.  Loesch (1969; 

cited by Williams et al. 1975) reported that blueback herring in New England rivers spawned in 

fast moving waters and deposited adhesive eggs on the substrate.  These eggs lost their adhesive 

quality within 24 hours, and eggs and larvae then became planktonic.  Adults in rivers in North 

Carolina and Virginia spawned in April and May (O‘Connell and Angermeier 1997; Walsh et al. 

2003).  Spawning activities peaked in shallow lentic and lotic habitats in tributaries with greater 

velocities, more habitat structure and riparian vegetation.  Few eggs were reported in main 

channels of these rivers.   
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As with the other Alosa species, planktonic larvae feed on a variety of small planktonic prey 

(Domermuth and Reed 1980) as they drift downstream.  Williams et al. (1975) report that 

juvenile blueback herring utilize the region from Lake George to just south of Jacksonville as a 

nursery habitat until they move through the estuary into the Atlantic Ocean from December 

through February.   

Likelihood of Impact-Low   The blueback herring have n anadromous life cycle similar to both 

American shad and hickory shad.  Few details are known about the reproductive and larval 

biology of this small alosid species, which is primarily captured for use as bait by commercial 

fishing industries and by recreational anglers.   The data that are available suggest that spawning 

occurs in tributaries of the St. Johns River in the winter, and larvae drift downstream as they 

develop.  Alterations in flow rate that can affect adult spawning migrations, and entrainment of 

larvae are the primary concerns for this species.. 

Gizzard shad:   

Gizzard shad have been the most abundant fresh water forage fish in the middle sections of the 

St. Johns River (McLane 1955) and often have constituted greater than 50-80% the bulk of total 

fish biomass collected in open-water haul seine samples in Lake George (Cox et al. 1980).  

Gizzard shad dominate the total fish biomass in many southeast reservoirs because they mature 

rapidly, have high fecundity and rapid growth (Noble 1981), and they can suppress sport fish 

recruitment through competition for zooplankton resources (Guest et al. 1990; Garvey and Stein 

1998). Gizzard shad can reach lengths exceeding 400 mm (15.7 in.) and they quickly outgrow 

their vulnerability to predation (Noble 1981).   Gizzard shad have been documented to live up to 

eleven years but normally they do not live longer than seven years (Carlander 1969).  Standing 

crops of gizzard shad can exceed 630 kg/ha (562 lbs/acre) (Jenkins 1967; Jenkins 1975) although 

average standing stocks are around 67-100 kg/ha (60-89 lbs/acre) (Jenkins 1975; Hoyer and 

Canfield 1994). The standing stock of gizzard shad in hypereutrophic Lake Apopka in 1995 was 

estimated to be 233 kg/ha (208 lbs/acre) (Schramm and Pugh 1997). 

Fecundity of gizzard shad is high with females containing from 12,000 to over 500,000 eggs per 

individual (Bodola 1966; Carlander 1969).  Gizzard shad become sexually mature at age II or III 

and size at maturity is around 18 cm (7 in.)(Bodola 1966). Gizzard shad in southeastern 

reservoirs are thought to spawn once from April through June with rising water temperatures, 

although the temporal distribution of gizzard shad spawning in Florida is not well documented.  

Spawning is reported to occur at water temperatures between 15.5 and 29ºC (Miller 1960). Most 

spawning occurs during the evening and night (Bodola 1966), when schools of male and female 

fish swim near the surface rolling and tumbling and releasing eggs and milt (Miller 1960).   In 

lakes gizzard shad prefer to spawn in shallow protected waters in depths less than 1.6 m (5.2 ft) 

deep (Miller 1960). There is no nest building or parental care and eggs sink to the bottom and 

readily adhere to rocks or submerged vegetation (Williamson and Nelson 1985). 
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Length of incubation is inversely related to temperature; hatching times range from 32 hours at 

23ºC to 106 hours at 15ºC (Shelton and Stephens 1980). Average length at hatching is around 3.4 

mm (0.13 in.) and the yolk-sac is nearly absorbed by the second or third day (Shelton and 

Stephens 1980). Gizzard shad larvae are poor swimmers and feed almost entirely on 

phytoplankton and zooplankton.  Survival is dependent upon sufficient food resources being 

present upon the onset of exogenous feeding (Williamson and Nelson 1985). Once they grow 

beyond the larval stage shad (>25-30mm (one inch)) they are able to consume detritus (Bodola 

1966; Stein et al. 1995). Gizzard shad can regulate trophic dynamics and fish community 

composition in a reservoir by controlling zooplankton populations and thus reducing recruitment 

of important sport fishes such as bluegill, crappie, and largemouth bass (Guest et al. 1990; Stein 

et al. 1995). The St. Johns River Water Management District is currently involved with 

harvesting adult gizzard shad in several district lakes in an attempt to improve water quality and 

restore more desirable fish communities. In 1995, over 281,000 kg (619,605 lbs) of gizzard shad 

were harvested from Lake Apopka (Schramm and Pugh 1997).  

Likelihood of Impact- Negligible    Preliminary examination of larval fish samples collected 

from our on-going collections suggests that gizzard shad will likely be the most abundant species 

encountered, particularly at the outflow of Lake Jessup and the Lake Monroe stations, and, will 

likely be the most abundant species lost to impingement from any water withdrawals at these 

sites. Although adult standing stock estimates are not available, it is likely that gizzard shad 

biomass is high in both lakes.  Removal of gizzard shad eggs and larvae by surface water 

withdrawals will likely have little impact on overall spawning success, recruitment or adult 

standing stock. If there is an impact, it will likely be a benefit to sport fish recruitment. 

Reductions in stage and flow as a result of surface water withdrawals are not expected to impact 

spawning, because of the extensive areas of available spawning habitat, or to affect adult 

survival.     

Threadfin Shad 

Threadfin shad are small herring that look similar too, and commonly occur with, gizzard shad 

(Noble 1981). Although threadfin shad are also common in the St. Johns River (McLane 1955; 

Cox et al. 1980), they are much less abundant than gizzard shad and their population abundance 

appears to be highly cyclical (McLane 1955). They also exhibit strongly clumped schooling 

behavior which makes population assessment difficult (Siler 1986). Threadfin shad are 

moderately euryhaline and have been documented in Texas to have a preference for brackish 

waters with salinities if 10-20 psu (Carlander 1969).  McLane (1955) collected threadfin shad in 

tidal creeks of the St. Johns where salinities were 14-15 psu.    

Standing stock estimates of threadfin shad in the St. Johns River are not available but in other 

water bodies they rarely exceed 100 kg/ha (89 lbs/acre) (Jenkins 1975; Rainwater and Houser 

1982; Siler 1986). The average standing stock of threadfin shad in 82 southeastern reservoirs 
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based on rotenone samples was 11.4 kg/ha (10.2 lbs/acre) (Jenkins 1975).  Threadfin shad are 

smaller than gizzard shad, maximum sizes rarely exceed 170 mm (6.6 in.) and only live for three 

or four years (Johnson 1970). Threadfin shad are vulnerable to sport fish predation by during 

most of their life (Noble 1981).  Threadfin shad have been commonly stocked in reservoirs 

throughout the United States to supplement the forage base (Noble 1981; Siler 1986). 

Threadfin shad have higher relative fecundities than gizzard shad but lower absolute fecundities 

because of their smaller size. Fecundity is reported top range for 800 to 21,000 eggs per female 

(Finucane 1965; Kilambi and Baglin 1969; Johnson 1971). Threadfin shad spawn in the spring 

and summer at temperatures between 14.4º and 27.2 º (Carlander 1969) and there is evidence that 

multiple spawning during the summer may occur (Kilambi and Baglin 1969; Johnson 1971). 

Large post-spawn die offs are common (Hoyer and Canfield 1994). Threadfin shad become 

mature by age I (Carlander 1969) and older fish spawn up to two months earlier than younger 

fish (Johnson 1971).  As with gizzard shad, spawning occurs mostly at night in shallow near 

shore areas and there is no parental care of young.  Eggs are demersal to slightly adhesive and 

they hatch in 72 hrs at 21-26ºC.  The developmental period of threadfin shad is nearly twice that 

of gizzard shad at similar temperatures (Shelton and Stephens 1980). Length at hatching is 3.25-

3.45 mm (0.013-0.018 in.) (Shelton and Stephens 1980) and the yolk-sac is absorbed in 2-4 days.  

Threadfin shad larvae and adults are zooplanktivorous and feed on zooplankton eggs, rotifers, 

calanoid and cycloid copepods and copepod nauplii (Guest et al. 1990; Armstrong et al. 1998).  

In the absence of zooplankton adults may switch to a benthic feeding mode and utilize 

chironomids (Ingram and Ziebell 1983). Adults also consume detritus (Hendricks and Noble 

1980). Larval threadfin shad and larval gizzard shad are similar relative to mouth gape 

morphology and feeding ecology and likely have similar effects on the aquatic community 

(Allen and DeVries 1993; Armstrong et al. 1998).   Interactions for food resources may be 

reduced however, by differences in the temporal and spatial distribution of larvae. Larval gizzard 

shad appear in the limnetic zone before larval threadfin shad, but co-occur for up to six weeks 

(Allen and DeVries 1993; Armstrong et al. 1998). Larval gizzard shad are also found to be 

evenly distributed throughout a waterbody (Storck et al. 1978; Allen and DeVries 1993) whereby 

larval threadfin shad migrate offshore (Allen and DeVries 1993).  Between-species differences in 

spatial and temporal distribution may moderate between-species competition because of 

differential predation rates, competition for zooplankton, and exposure to abiotic factor effects.  

Some studies have suggested that the establishment of threadfin shad populations leads to the 

displacement of gizzard shad because of interspecific competition for prey resources (Bryant and 

Houser 1969; Hendricks and Noble 1980; Noble 1981). 

Likelihood of Impact-Negligible     Removal of threadfin shad eggs and larvae by surface water 

withdrawals will likely have little impact on overall spawning success, recruitment or adult 

standing stock. Reductions in stage and flow as a result of surface water withdrawals are not 
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expected to impact spawning because of the extensive areas of available spawning habitat or, to 

affect adult survival. 

Family Ictaluridae: 

Seven species of catfishes have been recorded from the St. Johns River.  The channel catfish, 

Ictalurus punctatus, is the largest and most abundant catfish species.  It supports important 

commercial and recreational fisheries, and is produced in large aquaculture operations 

throughout the southern United States.  Much of the commercial fishery is in Lake Okeechobee, 

but it is a recreational species in the St. Johns River.   Few studies have been performed on the 

biology and ecology of channel catfish in the St. Johns River, but FFWCC (2008b) summarizes 

the general reproductive biology and ecological characteristics of the species.     

Channel catfish are most common in lakes, reservoirs, larger rivers and streams.  They spawn in 

spring and early summer.  Males establish nest sites in caverns or holes under logs or undercut 

banks on the edges of rivers.  Females deposit large masses of adhesive eggs in the nests, and 

males guard the eggs until hatching in about 6-10 days.  Fry remain in the guarded nests until 

they fully utilize their yolk reserves and begin foraging on their own about 7 days after hatching.   

Juveniles feed primarily on benthic organisms, including aquatic insects, crustaceans, mollusks 

and fishes.  Adults also feed primarily on larger benthic organisms. 

Likelihood of Impact- Negligible     Direct impacts of proposed water withdrawal activities on 

channel catfish are probably minimal.  The species spawns in caverns and holes along the 

substrate, and males guard the nests and fry until the juveniles are capable of foraging on small 

benthic organisms.  Nest locations can vary with changing water levels and habitat conditions, 

and they should be able to continue to spawn unless very extreme habitat changes occur.  Larvae 

and early juveniles are not susceptible to high levels of entrainment unless nests are located in 

the immediate vicinity of intake structures.   

Family Moronidae 

Striped bass  

The range of the striped bass is extremely limited in Florida, and on the Atlantic coast they 

appear only in the St. Mary‘s, Nassau and St. Johns Rivers (Allen 2000). The St. Johns River 

was believed to harbor a genetically distinct stock of striped bass that was non-migratory, 

restricted to fresh waters, and present in relatively low numbers (McLane 1955; McErlean 1961; 

Snyder et al. 1987b).  Although there has been no directed sampling in the St. Johns River for 

many years, the general consensus of fisheries biologists is that there is, presently, no natural 

reproduction of striped bass in the river (J. Holder FFWCC pers. comm).  Many biologists 

believe that historically, spawning may have been restricted to the Ocklawaha River and ended 

with construction of the Rodman Dam.   



 

26 

 

Beginning in the early 1970s, brood fish were taken from many different rivers and states to 

augment the low numbers of naturally occurring stripers present in the St. Johns River. The 

purpose was to maintain a limited sport fishery for striped bass and maintaining the genetic 

integrity of the native stock was not a consideration at that time.  Annual stocking began in 1972.  

To see if any natural reproduction occurred, stocking was suspended in 1978, 1981, and 1985.  

No young-of-year were collected following these years. The lack of young-of-year collected in 

years when stocking did not occur provides strong evidence that natural reproduction is not 

occurring in the river. Currently, the U. S. Fish and Wildlife Service Welaka National Fish 

Hatchery annually stocks striper fry into the river from brood fish collected in South Carolina.  

In 2007, 412,725 striped bass were stocked in the river between Welaka and Jacksonville (J. 

Holder FFWCC pers. comm).  

 

Another hypothesis for the existing lack of natural reproduction in the river, besides construction 

of the Rodman dam, is that the endemic striped bass had developed a more buoyant egg to adapt 

to the slow speed of the current.  Once striped bass from other locations were stocked this 

genetic adaptation was lost in the endemic population and the stocked fish were unable to 

successfully reproduce. (M. Hale FFWCC pers. comm.).   

 

Likelihood of Impact-Low    Given the lack of natural reproduction and the fact that numbers of 

striped bass in the river are maintained by annual stocking, it is unlikely surface water 

withdrawals will have a significant impact on striped bass abundance. Striped bass utilize springs 

as thermal refuges in the river (Holder et al. 2006; Holder et al. 2007). Reductions in spring 

discharge from groundwater withdrawals will likely have a greater impact on the carrying 

capacity of the river for striped bass than will surface water withdrawals.      

Family Centrarchidae: 

The centrarchids include the most important recreational fishery species of the St. Johns River: 

Largemouth bass, sunfishes and black crappie.  Largemouth bass (Micropterus salmoides) is the 

most popular and valuable freshwater species in Florida, and the fishery generates an estimated 

$1.25 billion impact on the Florida economy (Wattendorf 2008).  Black crappie (Pomoxis 

nigromaculatus) and a diverse array of sunfish species are all widely sought by recreational 

anglers: warmouth (Chaenobryttus gulosus), bluegill (Lepomis macrochirus), redear sunfish (L. 

microlophus), redbreast sunfish (L. auritus) and spotted sunfish (L. punctatus).    

Largemouth Bass 

This very popular fishery species is found in virtually all freshwater habitats throughout Florida.  

The species typically spawns in nests built and guarded by males during February-March in 

Florida (Messing and Wicker 1986; Bruno et al. 1990).   Fish may migrate from exposed habitats 

to wave-protected sites (Messing and Wicker 1986), where males typically build nests on firm 
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sandy substrates by fanning out depressions in the sand, often within 2-3 m (6-9 ft) of shore in 

water depths of 1-2 m (3-6 ft).  Females will spawn with a number of males, and each nest may 

contain eggs produced by a number of females (Tidwell et al. 2000).  The nests are generally 

about 0.5 m (20 in) in diameter and 10-20 cm (4-8 in) deep.  If the sediment is too muddy, Bruno 

et al. (1990) determined that males can establish their nests on the rhizome mats of aquatic 

vegetation such as spatterdock (Nuphar luteum), smartweed (Polygonum hydropiperoides) and 

emergent grasses (Paspalidium geminatum and Panicum hemitomon) .   

Eggs deposited in the nests generally hatch in 5-10 days, depending on temperature.  Newly 

hatched fry remain in the nest for another 10-15 days as they utilize their yolk sac energy 

reserves to develop to the point where they can successfully forage on their own.  Males 

continually guard the nests and juveniles until the fry are 1-2.5 cm (0.4 – 1 in) in length and 

move into the surrounding habitat.  The primary source of mortality in the nests is considered to 

be predation (Tidwell et al. 2000), although exposure to oxygen levels below 2 mg/l caused 

direct mortality, and oxygen below 3-5 mg/l (depending on temperature) affected the feeding and 

swimming behavior of the larvae, making them more susceptible to predation (Spoor 1977). 

Juvenile largemouth bass stay closely associated with shorelines, the benthos and habitat 

structure, including aquatic vegetation.  They feed on a wide array of prey, starting with 

cladocerans and other zooplankters, then switching to insect larvae, small fish and larger 

organisms as they grow.   Largemouth bass are primarily piscivorous by the time they reach a 

year in age (Allen and Tugend 2002). 

Although juvenile and adult bass are typically associated with the edges of beds of aquatic 

vegetation, studies designed to assess the overall impact of vegetation on bass populations have 

generated somewhat equivocal results.  In general, it appears that medium levels of habitat 

coverage by vegetation are best for growth and survival of bass, while low and high levels of 

coverage can interfere with survival and predation success (Hoyer and Canfield 1996; Allen and 

Tugend 2002). 

A habitat management strategy employed in many Florida lakes is to draw down the water levels 

in attempts to dry out and oxidize muck sediments and to modify the coverage and species 

composition of aquatic vegetation.  This manipulation of water levels has been found to at least 

occasionally increase the amount of suitable spawning substrate and vegetative habitat for 

largemouth bass, and thus enhance the local recreational fishery (Moyer et al 1995; Allen and 

Tugend 2002; Allen et al. 2003; Tate et al. 2003, Johnson et al. 2007).  

Likelihood of Impact-Low    Direct impacts of proposed water withdrawal activities on 

largemouth bass are probably minimal.  The species spawns in shallow water on hard sand or 

vegetation rhizome substrates, and males guard the fry until the juveniles are capable of foraging 

on their own in shallow habitats around submerged aquatic vegetation and other structures.  Nest 
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locations can vary with changing water levels and habitat conditions, and they should be able to 

continue to spawn unless very extreme habitat changes occur.  Larvae and early juveniles are not 

susceptible to high levels of entrainment unless nests are located in the immediate vicinity of 

intake structures.   

Largemouth bass are most vulnerable to environmental perturbations that affect water quality 

and aquatic vegetation.   Low oxygen levels during the hottest period of the summer, especially 

following storm events, occasionally trigger fish kills that can affect bass and other species.  

Determining if water withdrawal programs can exacerbate the periodic oxygen crises in portions 

of the St. Johns River is a question that merits consideration. 

Black crappie 

Black crappie, often referred to in Florida as ‗speckled perch‖ are commonly found throughout 

Florida (Hoyer and Canfield 1994) including the St. Johns River, where it is most abundant in 

the lakes and mainstream river (McLane 1955). Black crappie is a highly valued sport fish in the 

river (Snyder et al. 1987a) and at one time was an important commercial species (Huish 1953; 

Moody 1961; Snyder et al. 1987a)).  Black crappie can live up to seven years, although fish older 

than age four are, rare, and reach sizes exceeding 356 mm (14.0 inches; Carlander 1969).  The 

average standing stock of black crappie in 37 Florida lakes was 5.08 kg/ha (4.5 lbs/acre; Hoyer 

and Canfield 1994). 

Black crappie in Lake George first spawn at age two and spawning occurs in April, May and 

June (Huish 1953). Spawning usually occurs at temperatures between 14º-22ºC (Carlander 

1969). Black crappie construct bowl shaped nests, usually on sand or gravel, and most spawning 

is at the base of vegetation. The average female contains 10,000 to 50,000 eggs (Carlander 

1969). Young generally hatch in 48 to 70 hours. Newly hatched crappies range from 1.2-2.0 mm 

(0.05 inches) in length to reach a length of 4.5 mm (0.2 inches) (Nelson et al. 1967).   Black 

crappie larvae migrate to limnetic habitats after hatching, and remain near the surface (Overmann 

et al. 1980). Larval crappie are zooplanktivorous  and consume mainly copepods and cladocerans 

(Overmann et al. 1980). Adult black crappie consume invertebrates and fish. Adult black crappie 

often occur in clumped distributions in deeper open-water habitats (Hoyer and canfield 1994).  

Likelihood of Impact-Low Reductions in water levels and flow are unlikely to impact adult 

black crappie because of their habitat preferences. Effects on reproduction are also unlikely 

unless there are impacts to the availability of vegetated spawning habitat.  On-going larval fish 

surveys will assess the risk of entrainment.  

Other sunfishes  
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Sunfishes are abundant components of the ichthyofauna of almost all freshwater habitats in 

Florida (Hoyer and Canfield 1995).   Adult sunfish are generally associated with habitat structure 

such as patches of aquatic vegetation or woody debris.   

All species have a similar mode of reproduction:  males excavate nests in the substrate in shallow 

water and guard eggs and early fry.  Some species, such as bluegill, have densely packed nests, 

while warmouth and other sunfishes are solitary nesters.  Peak spawning for most of these 

panfish occurs during the summer months (Hoyer and Canfield 1995; Hill and Cichra 2005), 

although spawning times and durations for most species in sub-tropical Florida are not well 

documented.   

Egg development time varies among species and is influenced by temperature.  Once fry 

completely utilize their yolk reserves, they leave the nest and begin feeding on zooplankton.  The 

most intensive study of the distribution of these larvae in Florida waters showed that most larvae 

and early juveniles were associated with complex habitats such as Panicum spp. grasses, 

Hydrilla and floating/emergent vegetation (Conrow et al. 1990).  A small proportion of the 

bluegill, black crappie and warmouth larvae/juveniles were captured in open water samples. 

Other studies suggest that larvae of some centrarchids may migrate to limnetic areas shortly after 

hatching and return to littoral areas only after they have reached lengths exceeding 11mm (0.4 

inches) (Storck et al. 1978).  

Likelihood of Impact-Low   Reductions in water levels and flow are unlikely to impact the adults 

of most sunfishes because of their habitat preferences.  The reproductive habits of these nest-

building species, as with largemouth bass, indicate that proposed water withdrawal activities will 

have minimal direct impacts on spawning and early larval stages.  At least a portion of newly- 

hatched larvae have been found in open water, where they may be subject to entrainment.  On-

going larval fish surveys will assess this risk. All sunfishes are subject to the effects of low 

oxygen episodes during the summer. 

Family Sciaenidae 

The sciaenids are an important group of fishes that support widespread recreational and 

commercial fisheries in coastal waters in many temperate regions of the world.  Of greatest 

importance to the St. Johns region are the spotted sea trout, red drum, spot and Atlantic croaker.  

These species are estuarine/marine fishes that spend much of their lives in brackish waters, and 

are thus most likely to occur in the lower reaches of the St. Johns River.   

 

Spotted sea trout 

Spotted seatrout support a popular recreational fishery throughout Florida estuaries.  Genetic 

studies suggest that the spotted seatrout sampled from the mouth of the St. Johns River are 

strongly differentiated from other seatrout populations in Florida and the Gulf of Mexico (Ward 
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et al. 2007).This species generally spends its entire life cycle within estuarine and coastal bay 

habitats.   

Spotted seatrout spawn during the spring, summer and fall in nearshore and estuarine waters, 

especially in deeper channels adjacent to shallow seagrass habitats (McMichael and Peters 1989, 

Brown-Peterson et al. 2003, Gilmore 2003).   Kupschus (2004) determined that spawning of 

Indian River Lagoon seatrout stopped during the summer when temperatures exceeded 29 C, and 

started again once temperatures dropped below that level in the fall.  Pelagic eggs and larvae 

generally remain within the estuarine or bay environment and settle in seagrass or other 

structurally complex habitats.  The abundance of these habitats appears to be one of the greatest 

predictors of survivorship of juvenile seatrout (Kupschus 2003).  Juveniles feed primarily on 

small crustaceans, such as amphipods, mysids and caridean shrimp (Hettler 1989), and switch to 

larger shrimp and fish as they grow to adult sizes (Hettler 1989, McMichaels and Peters 1989). 

Red drum  

The red drum fishery is one of the most popular and important recreational fisheries in coastal 

states from Texas to North Carolina and Virginia.  Red drum are the focus of the most intense 

recreational fishery in the state of Florida by both in-state anglers (6.1 million targeted days of 

fishing) and out-of-state anglers (5.4 million targeted days of fishing; USFWS 2006).   

 

Adult drum typically spawn in inlets, nearshore shelf waters or estuaries during the late summer 

and early fall. Pelagic eggs hatch into larvae that spend about 20 days in the water column before 

moving into demersal habitats (Rooker et al.1999).  Juvenile red drum inhabit seagrass beds, 

oyster bars, tidal creeks and other demersal habitats within estuaries, and they feed on a wide 

range of crustacean and fish species (Peters and McMichael 1987, Adams and Tremain 2000). 

 

Spot 

 

Unlike red drum and sea trout that live and spawn in estuarine and coastal habitats, spot inhabit 

waters extending from the estuaries out to depths exceeding 200 m (670 feet).  Inshore fish are 

commonly caught by recreational anglers.   

 

Adult spot migrate to offshore waters along the Florida coast to spawn from December to March.  

Larvae migrate towards the coast and enter estuarine habitats where they adopt a demersal mode 

of life in tidal creeks, seagrass beds, oyster beds and other shallow water habitats (Shenker and 

Dean, 1979, Paperno et al. 2001, Paperno 2002, Paperno and Brodie 2004).   Juveniles and adults 

feed primarily on benthic organisms such as polychaetes, small crustaceans and mollusks 

(Koblinsky and Sheridan 1979).   Access to fringing emergent shoreline vegetation appears to 

affect growth rates of juveniles.  When meteorological events allow greater access to shoreline 

vegetation, juvenile spot consume lower quantities of food and have lower but more consistent 
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growth rates than when they have less access to the shoreline vegetation and have higher feeding 

rates (Zapfe and Rakocinski 2008). 

 

Atlantic croaker 

 

The Atlantic croaker is a medium-sized member of the Sciaenidae that relies on estuaries as 

nursery and adult habitats, and supports a recreational fishery.  Adults live on muddy substrates 

in estuaries and coastal waters, feeding on benthic crustaceans, mollusks and demersal fishes 

(Mercer 1987).  Atlantic croaker and spot have a similar life history: both species  migrate 

offshore to spawn during the late fall and winter, and larvae subsequently migrate into the 

estuaries where they inhabit tidal creeks, oyster beds, sea grass beds and other demersal habitats 

(Shenker and Dean 1979; Paperno et al. 2001, Paperno 2002, Paperno and Brodie 2004).   Searcy 

et al. (2007) indicated that high flow rates in a juvenile nursery habitat displaced juveniles 

further down into the estuary, where their growth was suppressed by reduced feeding success.   

 

Estuarine anoxia/hypoxia due to eutrophic conditions was recently shown to reduce the 

abundance of infaunal prey of Atlantic croaker, forcing a change in feeding habits to less 

nutritional items and reducing the capacity of the habitat to produce fish biomass (Powers et al. 

2005).  Chronic environmental exposure of adult croaker to hypoxia has also been found to 

suppress ovarian and testicular growth and disrupt reproductive endocrine pathways (Thomas et 

al. 2007). 

 

Likelihood of Impact on Sciaenid species -Low to moderate      

 These important fishery species all utilize the estuarine portion of the St. Johns River.  It is 

unlikely that their early life history stages will occur near the potential water withdrawal sites, so 

egg and larval entrainment is not a concern.  Potential impacts would be associated with changes 

on the extent of the estuarine region, and with the sea grasses, oyster beds and other benthic 

habitats within the estuary.  The Fisheries Independent Monitoring Program operated by the 

FFWCC has been conducting a multi-year intensive study of fishes within the estuary of the 

lower St. Johns River.  Analysis of this data set will enable more precise definition of the habitat 

associations and environmental requirements of these species.  This analysis will thus enable 

potential impacts of water withdrawals to be assessed during Phase II of this project. 

 

Family Mugilidae 

 

Striped Mullet 

 

Striped mullet are found in temperate coastal waters throughout the world, and are very 

important prey for many species of fishes, sharks, and birds such as osprey, pelicans and herons.  
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The Florida commercial fishery for roe mullet and bait greatly decreased when gill nets were 

banned, so the fishery is now based on cast net operations.  Recreational anglers also catch 

striped mullet, primarily for use as bait.  Silver mullet are also captured for bait, but they are 

more common in southern portions of the state (Mahmoudi 2002).  

 

Adult striped mullet live in a wide range of freshwater, estuarine and coastal habitats during 

much of the year.  They then migrate to the edge of the outer continental shelf to spawn during 

November through January (Greeley et al. 1987).  Juveniles enter the estuaries in late winter and 

move up creeks and rivers towards low salinity or freshwater habitats (Shenker and Dean, 1979, 

Paperno and Brodie 2003).  Larvae and juveniles feed primarily on zooplankton, with adults 

switching to a diet of benthic and epiphytic microalgae and detritus (Odum 1970, Collins 1981). 

 

Likelihood of Impact on mullet -Low – Juvenile striped mullet are relatively large and are 

excellent swimmers by the time they migrate up the St. Johns River to the potential water 

withdrawal sites.  They should thus not be vulnerable to entrainment.  Any impacts on this 

planktivorous and detritivorous species would be associated with negative impacts on water 

quality within the river. 

 

 

SUMMARY 

 

 

Potential water withdrawal projects in the Lake George and Middle Basins of the St. Johns River 

pose several concerns about possible impact to important fishery species: 

 

1) American shad spawning migrations might be impacted by alterations of flow velocity 

and water depth between Lake Monroe and Lake Poinsett.  Likelihood of impact:  

Moderate to High.  This issue is being partially addressed by radio telemetry surveys 

being conducted by FFWCC fishery surveys. More detailed information on American 

shad spawning and on larval survival is needed. Habitat surveys should also be conducted 

to identify potential riffle areas that may block migration.  

2)  Larval American shad and other drifting larvae are potentially vulnerable to entrainment 

into water intakes, particularly in regions of the river where slow currents and current 

reversals increase their exposure to entrainment, and where multiple water intakes are 

located.  Likelihood of impact:  Moderate to High.  This issue is being addressed by an 

ongoing ichthyoplankton survey and by hydrodynamic modeling efforts 

 3) Potential impacts on water quality parameters such as dissolved oxygen and nutrients may 

affect health and survival of freshwater fishes. Likelihood of impact:  Low to Moderate 
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for site-specific and time-specific events.  This issue is being addressed by hydrodynamic 

and nutrient modeling efforts. 

4)  Changes in the estuarine habitats of the lower St. Johns River may affect nursery habitats, 

including submerged aquatic vegetation, and predator-prey dynamics for estuarine and 

marine fish species.  Likelihood of impact: Low to moderate.  This issue can be 

partially addressed through analysis of FFWCC Fishery Independent Monitoring survey 

data from the Middle and Lower basins of the St. Johns River, and from hydrodynamic 

modeling and benthic analyses.   
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Appendix A 

Fishes of the St. Johns River System.  Sources = McLane 1953, Tagatz 1967, Cox et al. 1980, FFFWCC 

2008. 

Bold face = species of significant ecological or fishery value that merit consideration of impacts of 

reduced water flows in the St. Johns River. A = Anadromous, M =Marine, E = Estuarine, F = Fresh water 

Scientific Name Common Name Fishery 

Species? 

Habitat 

Petromyzontidae    

       Petromyzon marinus Sea Lamprey N A 

Sphyraenidae    

       Sphyrna lewini Scalloped hammerhead N M 

Dasyatidae    

       Dasyatis americana Southern stingray N M, E 

       Dasyatis sabina Atlantic stingray N M, E, F 

Ascipenseridae    

       Ascipenser brevirostrum Shortnose sturgeon N A 

       Ascipenser oxyrhynchus Atlantic sturgeon N A 

Lepisosteidae    

       Lepisosteus osseus Longnose gar N F 

       Lepisosteus platyrhinchus Florida gar N F 

Amiidae    

       Amia calva Bowfin N F 

Anguillidae    

       Anguilla rostrata American eel Y A,E,F 

Elopidae    

       Elops saurus Ladyfish Y M,E 

Megalopidae    

       Megalops atlanticus Atlantic tarpon Y M,E 

Clupeidae    

       Alosa aestivalis Blueback herring N A,M,E,F 

       Alosa mediocris Hickory shad Y A,M,E,F 

       Alosa sapidissima American shad Y A,M,E,F 

       Brevoortia smithi Yellowfin menhaden Y M,E 

       Brevoortia tyrannus Atlantic menhaden Y M,E 

       Dorosoma cepedianum Gizzard shad Y F 

       Dorosoma petenense Threadfin shad Y F,E 

       Harengula jaguana Scaled sardine Y M,E 

       Opisthonema oglinum Atlantic thread herring Y M,E 

Engraulidae    

       Anchoa hepsetus Striped anchovy N M,E 

       Anchoa mitchilli Bay anchovy N M,E,F 

Umbridae    

       Umbra pygmaea Eastern mudminnow N F 

Esocidae    

       Esox americanus Redfin pickerel Y F 

       Esox niger Chain pickerel Y F 



 

 

Synodontidae    

       Synodus foetens Inshore lizardfish N M,E 

Cyprinidae    

       Notemigonus chrysoleucas Golden shiner N F 

       Notropis chalybaeus Ironcolor shiner N F 

       Notropis cummingsae Dusky shiner N F 

       Notropis harperi Redeye chub N F 

       Notropis hypselopterus Sailfin shiner N F 

       Notropis maculatus Taillight shiner N F 

       Notropis petersoni Coastal shiner N F 

       Opsopoeodus emiliae Pugnose minnow N F 

       Pteronotropis welaka Bluenose shiner N F 

Catostomidae    

       Erimyzona sucetta Lake chubsucker N F 

Ariidae    

       Bagre marinus Gafftopsail catfish N M,E 

       Galeichthyes felis Sea catfish N M,E 

Ictaluridae    

       Ameiurus brunneus Snail bullhead N F 

       Ameiurus catus White catfish Y F 

       Ameiurus natalis Yellow bullhead N F 

       Ameiurus nebulosus Brown bullhead N F 

       Ictalurus punctatus Channel catfish Y F 

       Noturus gyrinus Tadpole madtom N F 

       Noturus leptacanthus Speckled madtom N F 

Belonidae    

       Strongylura marina Atlantic needlefish N M,E,F 

Cyprinodontidae    

       Cyprinodon hubbsi Lake Eustis minnow N F 

       Cyprinodon variegatus Sheepshead minnow N E,F 

       Jordanella floridae Flagfish N F 

Fundulidae           

       Fundulus chrysotus Golden topminnow N F 

       Fundulus cingulatus Banded topminnow N F 

       Fundulus confluentus Marsh killifish N E 

       Fundulus heteroclitus Mummichog N E,F 

       Fundulus majalis Striped killifish N E,F 

       Fundulus notti Starhead topminnow N F 

       Fundulus seminolis Seminole killifish N F 

       Leptolucania ommata Pygmy killifish N F 

       Lucania goodei Bluefin killifish N F 

       Lucania parva Rainwater killifish N E,F 

Poeciliidae    

       Gambusia holbrooki Mosquitofish N E,F 

       Heterandria formosa Least killifish N F 

       Poecilia latipinna Sailfin molly N E,F 

Gadidae    

       Urophycis floridanus Southern hake N M,E 

       Urophycis regius Spotted hake N M,E 



 

 

Batrachoididae    

       Opsanus tau Oyster toadfish N M,E 

Syngnathidae    

       Microphis brachyurus Opossum pipefish N E,F 

       Syngnathus fuscus Northern pipefish N E,F 

       Syngnathus louisianae Chain pipefish N E,F      

       Syngnathus scovelli Gulf pipefish N E,F 

Aphredoderidae    

       Aphredoderus sayanus Pirate perch N F 

Centropomidae    

       Centropomus undecimalis Common snook Y M,E 

Serranidae    

       Centropristis philadelphica Rock sea bass Y M,E 

       Centropristis striata Black sea bass Y M,E 

       Mycteroperca microlepis Gag Y M,E 

Moronidae           

       Morone saxatilis Striped bass Y M,E 

Lutjanidae    

       Lutjanus analis Mutton snapper Y M,E 

       Lutjanus griseus Gray snapper Y M,E 

Centrarchidae        

       Acantharchus pomotis Mud sunfish N F 

       Centrarchus macropterus Flier N F 

       Enneacanthus chaetodon Blackbanded sunfish N F 

       Enneacanthus gloriosus Bluespotted sunfish N F 

       Enneacanthus obesus Banded sunfish N F 

       Lepomis auritus Redbreast sunfish Y F 

       Lepomis gulosus Warmouth Y F 

       Lepomis macrochirus Bluegill Y F 

       Lepomis marginatus Dollar sunfish N F 

       Lepomis microlophus Redear sunfish Y F 

       Lepomis punctatus Spotted sunfish Y F 

       Micropterus salmoides Largemouth bass Y F 

       Pomoxis nigromaculatus Black crappie Y F 

Elassomatidae    

       Elassoma evergladei Everglades pygmy sunfish N F 

       Elassoma okefenokee Okefenokee pygmy sunfish N F 

       Elassoma zonatum Banded pygmy sunfish N F 

Percidae    

       Etheostoma fusiforme Swamp darter N F 

       Etheostoma edwini Brown darter N F 

       Etheostoma nigrum Johnny darter N F 

       Percina nigrofasciata Blackbanded darter N F 

Carangidae    

       Caranx hippos Crevalle jack Y M,E 

       Chloroscombrus chrysurus Bumper N M,E 

       Oligoplites saurus Leatherjacket N M,E 

       Selene vomer Lookdown Y M,E 

       Trachinotus carolinus Florida pompano Y M,E 



 

 

       Trachinotus falcatus Permit Y M,E 

       Vomer setapinnis Atlantic moonfish N M,E 

Gerreidae    

       Diapterus auratus Irish pompano N M,E,F 

       Diapterus plumieri Striped mojarra N M,E 

       Eucinostomus argenteus  Spotfin mojarra N M,E,F 

       Eucinostomus gula Silver jenny N M,E 

Haemulidae    

       Orthopristis chrysoptera Pigfish Y M,E,F 

Sciaenidae    

       Bairdiella chrysura Silver perch N M,E,F 

       Cynoscion nebulosus Spotted seatrout Y M,E,F 

       Cynoscion regalis Weakfish Y M,E,F 

       Leiostomus xanthurus Spot Y M,E,F 

       Menticirrhus americanus Southern kingfish Y M,E 

       Micropogonias undulatus Atlantic croaker Y M,E,F 

       Pogonias cromis Black drum Y MC,E,F 

       Sciaenops ocellatus Red drum Y M,E,F 

       Stellifer lanceolatus Star drum N M,E 

Sparidae    

       Archosargus probatocephalus Sheepshead Y M,E,F 

       Lagodon rhomboides Pinfish Y M,E,F 

Ephippidae    

       Chaetodipterus faber Atlantic spadefish N M,E,F 

Trichiuridae    

       Trichiurus lepturus Atlantic cutlassfish N M,E 

Scombridae    

       Scomberomorus maculatus Spanish mackerel Y M,E 

Eleotridae    

       Dormitator maculatus Fat sleeper N E,F 

       Eleotris picta Spotted sleeper N F 

Gobiidae    

       Awaous banana River goby N F 

       Gobioides broussonneti Violet goby N E,F 

       Ctenogobius boleosoma Darter goby N E,F 

       Gobionellus oceanicus Highfin goby N E 

       Ctenogobius shufeldti Freshwater goby N E,F 

       Ctenogobius smaragdus Emerald goby N E,F 

       Gobiosoma bosc Naked goby N E,F 

       Gobiosoma robustum Code goby N E,F 

       Microgobius gulosus Clown goby N E,F 

       Microgobius thalassinus Green goby N E,F 

Triglidae    

       Prionotus scitulus Leopard searobin N M,E 

       Prionotus tribulus Bighead searobin N M,E 

Uranoscopidae    

       Astroscopus y-graecum Southern stargazer N M,E 

Blenniidae    

       Chasmodes bosquianus Striped blenny N M,E 



 

 

       Hypsoblennius hentz Feather blenny N M,E 

       Hypsoblennius ionthas Freckled blenny N M,E 

Ophidiidae    

       Ophidion welshi Crested cusk-eel N M,E 

Stromateidae    

       Peprilus alepidotus Southern harvestfish N M,E 

Sphyraenidae    

       Sphyraena barracuda Great barracuda Y M,E 

Mugilidae    

       Agonostomus monticola Mountain mullet N E,F 

       Mugil cephalus Striped mullet Y M,E,F 

       Mugil curema White mullet Y M,E,F 

Atherinidae    

       Labidesthes sicculus Brook silverside N F 

       Membras martinica Rough silverside N E,F 

       Menidia beryllina Tidewater silverside N E,F 

       Menidia menidia Atlantic silverside N E,F 

Bothidae    

       Ancyclopsetta quadrocellata Ocellated flounder N M,E 

       Citharichthyes spilopterus Bay whiff N M,E,F 

       Etropus crossotus Fringed flounder N M,E 

       Paralichthyes albigutta Gulf flounder Y M,E 

       Paralichthyes dentatus Summer flounder Y M,E 

       Paralichthyes lethostigma Southern flounder Y M,E,F 

       Scophthalmus aquosus Windowpane N M,E 

Soleidae    

       Achirus lineatus Lined sole N M,E,F 

       Trinectes maculatus Hogchoker N M,E,F 

Cynoglossidae    

       Symphurus plagiusa Blackcheek tonguefish N M,E,F 

Gobiesocidae    

       Gobiesox strumosus Skilletfish N M,E,F 

Balistidae    

       Stephanolepis hispidus Planehead filefish N M,E 

Tetraodontidae    

       Sphoeroides maculatus Northern puffer N M,E 

Diodontidae    

       Chilomycterus schoepfi Striped burrfish   

    

NON-NATIVE SPECIES    

Cichlidae    

       Oreochromis aureus Blue tilapia  Y F 

Clariidae    

       Clarias batrachus Walking catfish N F 

Loracariidae    

       Pterygoplichthys multiradiatus Sailfin catfish   

       Pterygoplichthys disjunctivus Vermiculated sailfin catfish   

Callichthyidae    

       Hoplosternum littorale Brown hoplo catfish N F 



 

 

Appendix B 

Statement of Work –Ichthyoplankton Sampling  

I. Introduction/Background  

 There is currently little information on the potential effects of water withdrawals on the fish 

community of the St. Johns River with regard to impacts to larval fishes (icthyoplankton). Water 

withdrawals could remove large numbers of ichthyoplankton from water bodies and potentially 

affect the reproductive success, recruitment and growth of important species groups (e.g. 

American Shad, sunfish etc).  This contract will provide data for the analysis of these impacts 

and for expert assistance in conducting the analysis.  

II.  Objectives   

The primary objectives of this project are to collect 19 months of data on the abundance of 

ichthyoplankton in the river near proposed water withdrawals sites. Abundance estimates will be 

used to develop predictions on potential ichthyoplankton loss due to water withdrawals and to 

project the effects of these losses on juvenile and adult abundance. Ultimately, this information 

will be used to identify the boundaries of environmental conditions associated with significant 

environmental effects.  

III. Scope of Work   

Icthyoplankton data will be collected for 21 months. This task will encompass intensive sampling of 

ichthyoplankton in five regional locations from February 2008 through September 2009. Sampling will be 

conducted in the river near State Road 44, in the river downstream of Lake Monroe (Yankee Lake), in 

Lake Monroe, in the river between Lakes Monroe and Harney (State Road 46), at the State Road 50 

Bridge, and in Lake Poinsett.  Sampling in all reaches will conducted every 3 to 6 days during the spring 

spawning season (Feb.-May) and 7 to 12 days throughout the rest of the year. Samples will be preserved 

and processed in the lab. Species composition to the lowest feasible taxonomic level, abundance and size 

structure of ichthyoplankton will determined. Sampling will be conducted in the daytime. However 

to investigate diel variation in ichthyoplankton drift additional  nighttime sampling will be 

conducted at all Lake Monroe region stations once each month. Daytime and nighttime sampling 

at these sites will be conducted within the same 24-hour period.  

Six specific sites within four regional locations along the St. Johns River have been identified for 

icthyoplankton data collection (Figure 1).  While these sampling locations do not span the entire 

potential spawning range of American shad or other fish species, they do cover specific sites 

being considered for surface water withdrawals. Arranged upstream (south) to downstream 

(north), these sites are: 

 Lake Poinsett (Figure 2)  

o Lake habitats (4 stations located throughout the lake will be sampled. 

o Downstream riverine habitats will be sampled at 2 stations. 

 State Road 50  (Figure 3) 



 

 

o Riverine habitats at 5 stations will be sampled in sections deep enough for 

sampling.  

 Lake Monroe  Region  

o River between Lake Monroe and Lake Harney (Figure 4). This section of the river 

is known as “Shad Alley”.  Six stations will be sampled. 

o Lake Monroe (Figure 5). Five open-water stations will be sampled.. 

o Downstream of Lake Monroe (Figure 6). Five stations will be sampled between 

Lake Monroe and where the Wekiva River enters the St. Johns River). 

 State Road 44  (Figure 7) 

o Riverine habitats at 5 stations will be sampled in sections deep enough for 

sampling.  

Ichthyoplankton will be sampled with a 0.5 m diameter conical plankton net constructed of 505 

micron Nitex mesh and equipped with Sea Gear model MF315 flowmeter to calculate volume of 

water filtered.  The net will be mounted on an aluminum epibenthic sled frame that can be towed 

along the bottom and raised to fish at different depths.  The net will be towed from an open 

outboard motor boat equipped with an aluminum towing frame and hand-winch.  It will be towed 

in an upstream direction at an approximate speed of 1.5 m/sec for 10 minutes, with 3 minutes at 

the bottom, mid-depth and near-surface. This will ensure a depth-integrated sample is obtained. 

Towing times may be adjusted to ensure that at least 50-100 m
3
 of water are filtered for each 

sample. Two tows will be made at each station.  Tows may be taken concurrently, or sequentially 

based upon conditions at individual sample sites.  Samples will be preserved in 5% buffered 

formalin, but if detrital loading is very high, formalin levels may be increased to 10%.   

In the laboratory, samples will be sieved through 505 micron mesh to remove formalin and 

stored in 75% ethanol for sorting.  All fish eggs and larvae will be removed and stored in 75% 

ethanol for identification, enumeration and measurement.  A Folsom plankton splitter may be 

used if very high densities of eggs and larvae are encountered (>1000 eggs and larvae per 

sample), and if high detritus loads do not prevent accurate use of the splitter.  If the plankton 

splitter is used, the sample will be divided into halves, quarters, eighths, etc. until the subsamples 

have densities in the range of 100-200 eggs and larvae.  A minimum of two subsamples will then 

be processed.  If counts vary by more than 10% between the subsamples, an additional two 

subsamples will be processed.   

Fish eggs and larvae will be identified to the lowest feasible taxonomic level, with particular 

emphasis on the American shad and other members of the Clupeidae as well as species of the 

Centrarchidae.   The developmental stage and length of these larvae will be recorded.  If sample 

sizes are very large, haphazardly chosen subsamples of 25 fish per species will be selected for 

measurement.   

As sample processors are trained, approximately 20% of the samples will re-sorted by other 

processors.  If the processor misses >10% of the fish eggs and larvae in more than 10% of their 



 

 

samples, their samples will be re-sorted and their training will be reinforced.  After a month of 

satisfactory sorting, the check rate will be reduced to 5% of the samples.  Two people will be 

trained in larval identification, using published descriptions of the species, and assisted with a 

photographic atlas developed from specimens collected during this program 

IV.  

 

Figure 1.  Regions of the St. Johns River to be sampled by the ichthyoplankton survey. 
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Figure 2.  Stations to be sampled for ichthyoplankton and hydrographic parameters in 

Lake Poinsett. 
 

 

 

 

 

 

 
 

 



 

 

 

Figure 3. Stations to be sampled for ichthyoplankton and hydrographic parameters in the 

St. Johns River near State Road 50. 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Stations to be sampled for ichthyoplankton and hydrographic parameters in the 

St. Johns River upstream of Lake Monroe.   

 



 

 

 

Figure 5.  Stations to be sampled for ichthyoplankton and hydrographic parameters in 

Lake Monroe.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Stations to be sampled for ichthyoplankton and hydrographic 

parameters in the St. Johns River downstream of Lake Monroe.   



 

 

  

 

 

Figure 7.  Stations to be sampled for ichthyoplankton and hydrographic 

parameters in the St. Johns River near State Road 44.  

 

 

 

  



 

Appendix  C                Summary Table of Potential Fisheries/ Ichthyoplankton Impacts Related to Water Withdrawals 

 

No. Category Potential Effect Significance Environmental  

Criterion 

Environmental  

Boundary 

Hydrologic Linkage Hydrologic 

Criterion 

Hydrologic Boundary 

1. Ichthyoplankton 

survival 

(<25 mm TL) 

 

Entrainment  High, 

dependent 

upon intake 

velocities and 

intake 

structure;,  

species 

specific 

Increased 

mortality rate; 

reduced juvenile 

abundance 

 

Reduced larval  and 

subsequent juvenile 

abundance 

reflecting in altered 

community 

structure and 

eventually reduced 

commercial or sport 

catch 

 

Water intake velocities result in 

direct fish mortality and 

removal from system 

Intake 

velocity, 

volume, 

seasonality 

<0.08 m/s (0.25ft/s)  

recommended 

<0.03 m/s (0.1ft/s) is optimal 

to minimize larval loss 

2. Juvenile and adult 

fishes survival 

(>25 mm TL) 

 Entrainment  Negligible if 

intake 

velocities 

follow EPA 

suggested 

guidelines 

Increased 

mortality rate; 

reduced juvenile 

and adult  

abundance 

Reduced adult 

abundance 

reflecting in altered 

community 

structure and 

reduced commercial 

or sport catch 

 

Excessive intake velocities 

result in direct fish mortality 

and removal from system 

Intake 

velocity, 

volume 

<0.15 m/s (0.5 ft/s) EPA 

Guideline for new cooling 

water intakes 

3. 

 
 
 
 
 
 
 
 

Freshwater fish 

spawning habitat  

Shifts in the 

temporal and spatial 

extent and 

accessibility  of 

spawning  habitat   

Low to 

moderate, 

species 

specific (this 

could be very 

important, 

esp. under 

extreme 

conditions) – 

closely linked 

to #9.. 

Spatial and 

temporal extent of 

spawning habitat 

shifts   

Extent of 

displacement and 

change in size of 

suitable habitat. 

Effects on 

abundance of   

submersed aquatic 

vegetation may be 

important. Fish 

passage issue may 

be important 

Spawning habitat shifts could 

alter reproductive success.  

Altered interaction with the 

floodplain or with optimal 

within channel spawning 

habitats could be important 

Low flow 

intensity, 

durations 

and return 

frequencies, 

seasonality 

 



 

No. Category Potential Effect Significance Environmental  

Criterion 

Environmental  

Boundary 

Hydrologic Linkage Hydrologic 

Criterion 

Hydrologic Boundary 

4. Spawning success, 

egg survival , all 

categories 

 

 

Altered hydrology 

effects on 

distribution and 

survival of fish eggs  

Low,,  

species 

specific 

Egg survival and 

hatching success 

Magnitude of egg 

loss and resultant 

reduced abundance 

of larvae 

Egg survival influenced by 

hydrologic factors. Disrupted 

flow patterns could alter 

distribution patterns of buoyant 

or semi- buoyant eggs and 

affect survival. Species-

specific. Attached eggs could 

also  be exposed.  Water level 

declines could cause nest 

abandonment by attending 

results . 

Discharge, 

flow, stage, 

Minimum 

intensity , 

duration and 

return 

frequency 

values, rate 

of change, 

seasonality 

 

5. Larval growth rates, 

recruitment, all 

categories 

 

Altered hydrology 

could have direct 

effects on larval 

growth which   

influences survival 

and recruitment    

 

Low, species 

specific 

Relationship 

between growth 

and flow/stage  

Substantially 

reduced larval 

growth rates 

because of reduced 

flow or stage. 

Magnitude of 

hydrologic change 

important 

Phytoplankton, 

zooplankton, and 

invertebrate  

responses to water 

withdrawals also 

important 

consideration    

Larval growth and development 

affected by hydrologic factors.   

Faster growth associated with 

flow or stage  increases chance 

of survival; increased 

recruitment; increased adult 

abundance.  Hydrologic factors 

influence prey abundance and 

availability   

 Flow, 

Stage 

Minimum 

intensity , 

duration and 

return 

frequency 

values, 

seasonality 

 

         

         

         

         

         



 

No. Category Potential Effect Significance Environmental  

Criterion 

Environmental  

Boundary 

Hydrologic Linkage Hydrologic 

Criterion 

Hydrologic Boundary 

6. 
 
 
 
 
 
 
 

Spawning and 

nursery habitat of   

estuarine and marine  

species 

 

Shifts in the 

temporal and spatial 

extent of  dynamic  

(salinity, turbidity, 

dissolved , prey 

availability etc.)  

and/or stationary  

(SAV oyster bars 

etc.) habitat 

components  

Low  to 

moderate, 

species 

specific 

Spatial and 

temporal extent of 

the union of 

dynamic and 

stationary habitat 

shifts.  

Extent of 

displacement and 

change in size of 

suitable habitat. 

Size of habitat 

shifts relative to the 

size of the estuary  

 

Lowered freshwater inflow 

could change salinity, turbidity 

gradients etc and alter 

stationary habitat availability. 

Freshwater 

Inflow; low 

flow 

intensity, 

durations 

and return 

frequencies, 

seasonality 

 

7. 
 
 
 
 
 
 

Freshwater fish 

habitat  

Shifts in the 

temporal and spatial 

extent of dynamic  

(salinity, turbidity, 

dissolved , prey 

availability etc.)  

and/or stationary  

(SAV, littoral zone) 

habitat components 

Low, species 

specific 

Spatial and 

temporal extent of 

dynamic and 

stationary habitat 

shifts. 

Extent of 

displacement and 

change in size of 

suitable habitat. 

Size of habitat 

shifts relative to the 

size of available 

freshwater  habitat  

 

Lowered freshwater inflow 

could change salinity, turbidity 

gradients etc and alter 

stationary habitat availability..  

Freshwater 

Inflow; low 

flow 

intensity, 

durations 

and return 

frequencies, 

seasonality 

 

9. Adult and juvenile 

diadromous fish 

passage (upstream or 

downstream) 

Blocked passage High, species 

specific 

Location of 

blockage , 

temporal extent of 

blockage  

Extent and intensity 

of  migration 

displacement 

Minimum riffle depths could  

block spawning migrations 

resulting in  reproduction and 

recruitment impacts 

Minimum  

depth ; 

return 

frequency, 

seasonality 

Species specific-American 

shad> 23mm (9 in.) depths 

10. Adult and juvenile 

anadromous  fish 

passage (upstream 

and downstream) 

Altered temperature 

regimes  

Low to 

moderate, 

species 

specific 

Thermal 

blockages to 

migration 

Extent and intensity 

of  migration 

displacement 

Increased river water 

temperature regimes  could 

interfere with upstream or 

downstream migrations  

resulting in reduced 

reproduction and recruitment 

Stage or 

Volume , 

minimums, 

return 

frequency, 

seasonality 

Dependent upon withdrawal 

effects on water 

temperatures.  

         



 

 

 

 

No. Category Potential Effect Significance Environmental  

Criterion 

Environmental  

Boundary 

Hydrologic Linkage Hydrologic 

Criterion 

Hydrologic Boundary 

11 Adult, larval and 

juvenile survival 

 

Altered water quality 

(primarily dissolved 

oxygen; DO) could 

affect  survival 

growth, reproduction 

and condition    

High, site 

specific 

Intensity and 

spatial and 

temporal extent 

potential DO or 

other declines in 

water quality   

Intensity, extent and 

duration of water 

quality impacts 

relative to size of 

un-impacted habitat 

available  

Growth and survival affected 

by water chemistry.   Faster 

growth increases chance of 

survival; increased recruitment; 

increased adult abundance. 

Water chemistry factors also 

influences prey abundance and 

availability DO a major factor , 

Low DO results in direct 

mortality 

Discharge; 

flow; 

stage 

Minimum 

intensity , 

duration and 

return 

frequency 

values, 

seasonality 

Dependent upon water 

withdrawal effects on water 

chemistry 
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St. Johns River Alternative Water Supply Cumulative Impact Assessment 

Wetlands and Wetland Dependent Species Phase I Status Report:  Reconnaissance and 

Screening-level Assessment of Wetland Resources 

 

Introduction 

With growth of Florida’s population, including that of the St. Johns River Water Management 

District (District), attendant demands for water have grown and have lead to a need to examine 

alternative water supplies to supplement existing, primarily groundwater, sources.  Among the 

alternatives being examined by the District and local water supply providers are direct 

withdrawals from the St. Johns River and its tributaries.  These withdrawals have the potential to 

cause impacts both by their effects on the total quantity of water available to support ecosystem 

functions and by their effects on water quality.  Given the great value of the water resources of 

the St. Johns River Basin and the pressures already faced, potential impacts from withdrawals 

must be thoroughly evaluated to ensure that degradation of the resource does not occur. 

   

Objectives 

The objective of this work is the assessment of potential changes to wetlands and related systems 

from proposed surface water withdrawals from the St. Johns River and its tributaries.  The 

primary focus of this chapter is on changes to vegetated wetland communities resulting from 

hydrological alterations.  Indirect effects resulting from water quality changes will also be 

addressed.  Impacts to wetlands dependent species were part of this effort but are presented in a 

separate chapter (Curtis, this volume).  This study is part of a larger effort in which potential 

effects on phytoplankton, zooplankton, submerged aquatic vegetation, fish, and biogeochemical 

processes are being examined. 

  

A seven-step approach was taken:  problem definition, identification of data needs, inventory and 

collection of existing data, collection of missing data, model development, model validation and 

running, and interpretation of model results and reporting. This chapter presents the findings of 

the assessment during Phase I, which can best be described as descriptive, initially conceptual in 

nature and intended as a screening tool to determine which areas of the river environs need to be 

examined in greater detail in Phase II.  The Phase I assessment should be considered interim; it 

will be superseded by the findings of Phase II.  
 

Study Area 

The overall study area includes the contiguous waters of the St. Johns River Basin, but the 

specific focus of the wetlands assessment is on the floodplain of the St. Johns River, primarily 

from Lake Winder to the salt marshes near the mouth of the river.  The assessment covers four 

locations with adopted or proposed Minimum Flows and Levels (MFL) determinations (State 

Road 44, Lake Monroe, State Road 50, and Lake Poincett) and the areas falling between these 

locations (e.g. Lakes Harney and Jessup) or downstream (lake George and the Lower St. Johns 

Basin).   We considered portions of the river upstream of Lake Winder, the Ocklawaha River, 

other tributaries and springs, and lakes beyond the immediate floodplain of the St. Johns River in 

context of their potential influences on the River’s floodplain wetlands.  Thus, this report will 

present information on the entire floodplain of the St. Johns River. 
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Three withdrawal areas have been identified:  the Lower Ocklawaha upstream of Rodman 

Reservoir (4.69 cms or 107 mgd), the middle St Johns near Lake Monroe (4.64 to 5.08 cms or 

106 to 116 mgd), and the Upper St. Johns near Taylor Creek (1.75 to 2.19 cms or 40 to 50 mgd).  

For this assessment, the total withdrawal is estimated to be 11.53 cms or 263 mgd.  These 

withdrawals have been modeled to predict potential changes in stage, flow, and salinity that may 

cause changes in wetlands extent, functions, or environmental value.   

 

Wetland Components and Effects 

As a preliminary step in assessing the effects of water withdrawals on wetlands and wetland 

dependent species, we summarized our initial hypotheses on potential effects, likelihood of 

occurrence, significance, environmental criteria and thresholds, and hydrological linkages, 

criteria and thresholds (Table 1).   

 

We assessed the potential effects of lowering of the stage-frequency distribution and changes in 

salinity gradient on wetland plant communities, their components, and functions.   The effects 

that operate directly on the plant community itself are shifts in type or structure, changes in 

biomass or productivity, shifts in boundaries, and shifts in species composition.  Secondary 

effects include effects on the value of the communities as habitat for wetland dependent species, 

impacts to economically important species or to rare or listed species, and impacts on the life 

cycles and recruitment prospects for the biological components of the community.  Of greatest 

significance for this initial assessment is the potential for shifts in community type to vegetation 

communities characteristic of dryer (or more saline) environments.   

 

Wetlands perform numerous functions as an element of the landscape.   These include:  

1) hydrological functions, such as storage of flood waters, velocity reduction, groundwater 

discharge and recharge, and contributions to atmospheric processes; 2) water quality functions, 

such as sediment trapping, absorption or transformation of pollutants, and mediation of 

biogeochemical processes; 3) habitat functions, such as living space and resources for plant life, 

provision of food water, shelter, and breeding grounds for fish and wildlife; and 4) maintenance 

of biodiversity and supporting production of economically valuable products and aesthetic values 

(USGS, 2005).   Many of these functions are addressed elsewhere in this volume; only habitat 

functions will be addressed in this chapter. 

 

A considerable diversity of animal life lives within the floodplain of the St. Johns River and 

depends upon the wetland habitats of this system for one or more of their basic needs.  These 

organisms include many species of fish, amphibians, reptiles, birds, and mammals, and countless 

invertebrate species.  Many are of direct values as harvestable commodities, others support 

recreational activities, such as hunting and fishing and wildlife observation, and others form the 

prey base for organisms higher on the food chain or contribute to the total biodiversity of the 

system.   Considerable information on these organisms has been published elsewhere 

(Environmental Consulting & Technology, Inc. 2003; HSW Engineering, Inc. 2006; Curtis, this 

volume).   

 

The Approach 

We applied a geographical information system (GIS) model to estimate the potential for adverse 

effects on wetlands from water withdrawals.  The model is conceptual in Phase I, while the data 
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are being compiled, and is used here to screen the entire system to indentify areas for further 

study in Phase II.  To develop the model, layers representing wetlands, soils, topography, and the 

landscape hydrological milieu were assembled.  Each layer was populated with attributes 

characterizing the response of the resource represented by that layer to imposed stress, in this 

case a lowering of water level or an increase in salinity.based upon  hydrological model results 

(volume 1, this report).  We then assigned weightings to indicate the importance of each layer to 

the overall response of the wetland system.  The intersection of the layers gave the overall 

sensitivity of the area to hydrologic factors.  Next, we created a stressor layer representing water 

level lowering or another environmental change.  The intersection of a stressor layer with a 

sensitivity layer indicates the relative likelihood of effects.  We used this conceptual model to 

estimate the potential magnitude and geographical distribution of wetland responses to 

hydrologic factors.  This model is similar to that used for estimating the likelihood of harm to 

native vegetation (Kinser and Minno, 1995) and lakes (Kinser, Minno, Brown, and Denizman, 

2006). The conceptual model will be fully developed into an operational  GIS-based model 

during phase II of this study and will be described in full detail in that phase II report..   The 

intent of the Phase I report is to describe the wetland resources within the St. Johns River 

floodplain., describe the rationale used to determine what areas need further study in Phase II 

and present the results of the initial screening level assessment,  

 

Data Layers 

Wetlands  

The wetlands data layer (SJRWMD, 2002) is a polygon map layer with detailed wetland 

vegetation types (Table 2).  It shows their geographical distributions as indicated by aerial 

photographs taken in the 1980’s.  Rare community types within the St. Johns River Basin were 

merged with similar but more common classes to simplify the classification.   

 

The wetlands can be viewed in two alternative but complementary ways:  as polygons (closed 

figures with area) or as edges.  Viewed as polygons, the total area of wetland types within the 

floodplain can be measured.  Viewed as edges, one can calculate habitat availability for species 

which require contrasting habitats for their life history or foraging strategies.  For this report, we 

used a simple ratio of shore length to water body area (Rawson, 1960) to represent the extent of 

one type of edge habitat.   The more complicated formula of Hutchinson, 1957, developed for 

lakes, was less useful for comparing shoreline development among the diversity of water features 

within the St. Johns River floodplain.  We will consider upland edges and other boundaries in 

Phase II.     

 

Soils 

As the matrix providing support, mediating the movement of water, and delivering the majority 

of nutrients to rooted wetland plants, the soil and its characteristics are of paramount importance.   

In the floodplain of the St. Johns River many soil types occur (NRCS, 2007).  These include all 

but one (vertisols) of the soil orders found in Florida (entisols, inceptisols, untisols, mollisols, 

alfifols, spodosols, and histosols; Table 3).  With the exception of upland fringes, islands, and 

areas of spoil, the St. Johns River floodplain soils are poorly to very poorly drained and support 

wetland vegetation.  Two soil characteristics were considered to be of greatest importance:  the 

presence, depth and characteristics of the O (organic) horizon and the overall permeability of the 

soil profile.  Permeability varies greatly among wetland soils.  The recognized categories include 
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very rapid (141-705 µm/s), rapid (42 – 141 µm/s), moderately rapid (14-42 µm/s), moderate (4 – 

14 µm/s), moderately slow (1.4 – 4 µm/s), slow (0.42 – 1.4 µm/s), very slow (0.01 – 0.42 µm/s), 

and impermeable (0.00 – 0.01 µm/s) (USDA, 2006).  Permeability mirrors soil texture closely.  

Sands and poorly decomposed organic materials are rapidly permeable, whereas silts and clays, 

which pack more tightly and impede the flow of water, range from moderately to very slowly 

permeable.  In mixtures of particle sizes, relatively small additions of finer particles, by filling 

voids within the soil, may reduce permeability markedly.   In addition, many soils have layers of 

differing premeabilities.  In the wetland soils of the St. Johns River floodplain lower soil 

horizons, if differing in permeability tend to contain more silt and clay and be less permeable.       

 

 

Topography 

A critical task in the assessment was defining a floodplain elevation above which there is little 

influence from the river’s hydrology.  In a pilot area we examined MFL transect data (Mace 

2006, 2007c, 2007a; 2007b) and used a digital elevation model (DEM) data layer (SJRWMD, 

2008) to develop a fine scale layer with accuracy sufficient to delineate very specific contours, 

e.g. intervals corresponding closely to the MFL-defined elevations.  The supporting data (DEM) 

was not sufficiently accurate and the result, which contained obvious errors, was rejected.  We 

then chose to focus on elevation data available from the 7 ½ minute USGS quadrangle series.  

For the northern and central reaches, river kilometers (RK) 35 to 330, the 5 foot contour line 

(SJRWMD, 2000) was used (Figure 1).  Near the mouth of the river this line was not available so 

a DEM-based method was used to estimate a line.  The line generated was then QA/QC’d using 

aerial photographs and wetland map data.  The 10 feet contour became the boundary 

approximately 15 kilometers south of Lake Harney (RK 330) and the 15 foot contour line 

became the boundary approximately 25 kilometers further upstream (RK 355).  Lines bridging 

the 5 to 10 and the 10 to 15 foot transitions were manually drawn to maintain continuity of the 

floodplain and were based upon the location of wetland and topographic features.  The 20 and 25 

foot lines were added in the southern most part of the basin, where adjustments were made to 

account for levees and canals which constrict the floodplain in the southern part of the District.   

 

Wetlands Hydrology 

This layer (in development) was conceived as a means to allow information on the sources of 

water to floodplain wetlands to be taken into account.  The wetlands of the St. Johns River 

system are hydrated through a diversity of interconnecting paths.  The relative magnitude of 

these hydrologic inputs varies from the headwaters of the river to the mouth and also across the 

floodplain.  Among the hydrological paths we considered are runoff, tributary inflow, seepage, 

overflow, groundwater discharge and precipitation (Figure 2). 

 

Criteria and Thresholds 

Extensive literature exists on the hydrology of wetland plant communities in the southeastern 

United States.  Most focus on hydroperiod or on hydroperiod and water depth.  Useful reviews 

have been produced (Brown, et al. 1991; CH2M Hill 1997; Doherty, et al. 2000).  Various sets of 

wetland hydrology criteria have been proposed or used, particularly by the Water Management 

Districts of Florida (Dunn, 2005).  For this assessment, the values used by the SJRWMD for 

screening-level and area-wide assessments (SJRWMD and CH2MHill, 1998) were used.  Much 

more detailed hydrological criteria, incorporating the concepts of magnitude, duration, and return 
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interval have been developed by the District’s MFL program (Neubauer, et al. 2008), but are not 

needed at the screening level that is the target for phase I of this study.  Development of more 

specific, site specific criteria will be a focus of Phase II.   

 

Regionalization of the River 

The St. Johns River is an enormously diverse system of estuarine, lacustrine, riverine, and 

wetland features.  The varying features of the river are not randomly distributed, but are aligned 

with underlying patterns of geology, geomorphology, hydrology, and climate, which ultimately 

determine wetland, soil, water quality, and many biological patterns.  To better describe the St. 

Johns River system we realized that it was first necessary to divide it into a manageable number 

of segments or regions with more uniform characteristics.  A similar rationale and similar 

processes have been employed to regionalize other landscape features, such as ecoregions 

(Omernik, 1995.), and Florida lakes (Griffith, et al. 1997).  Our regionalization (Figure 3) was 

based on geomorphology, hydrology, water quality, wetland characteristics, soils, and other 

characteristics that vary in a systematic way along its course.  An attempt was made to conserve 

existing basin boundaries.  

 

Results 

Altogether, the St. Johns River and its floodplain cover an area of 2372 km
2
.  The dominant 

features of the entire St. Johns River floodplain are open water (39.2%), shallow marsh (15.6%), 

and hardwood swamp (14.6%), with lesser amounts of wet prairie (6.3%), hydric hammock 

(4.2%), shrub swamp (4.1%), and embedded uplands (7.0%).  Several other types, such as tidal 

marshes of Juncus roemerianus and Spartina alternaflora are important locally.    

 

The wetlands of the river exhibit a strong geographical pattern.  Tidally driven salt marshes 

occur only near the mouth of the river.  Upstream there follows a long segment containing  few 

floodplain wetlands, which then transitions into a reach extending to Lake Monroe, along which 

hardwood swamps are the characteristic wetland type.  Moving further south, and especially 

upstream from SR46 at RK 310, herbaceous wetlands types become the dominant type, although 

hardwood swamps associated with tributary streams frequently encroach into the floodplain.   

 

The river was divided into nine segments (Figure 3), each with relatively homogeneous 

characteristics.  These segments (and their working names) are:   

1. Mayport to Fuller Warren Bridge (Mill Cove), RK 0 to RK39.6 

2. Fuller Warren Bridge to Flemming Island (Doctor’s Lake); RK 39.6 to RK 65 

3. Flemming Island to Little Lake George (Deep Creek), RK 65 to RK 163.1 

4. Little Lake George to Astor (Lake George), RK 163.1 to RK 204.3 

5. Astor to the Wekiva River (Lake Woodruff), RK 204.3 to RK 253.7 

6. Wekiva River to St. Road 46 (Central Lakes: Lakes Monroe, Jesup, and Harney) RK 

253.7 to RK 310 

7.  St Road 46 to State Road 520 (Anastomosing Channels: St. Road 50), RK 310 to RK 

378 

8. St Road 520 to Three Forks Marsh (Chain-of-Lakes:  Lakes Poincett, Winder, 

Washington, Sawgrass and Helen Blazes); RK 378 to RK 442.8 and  

9. Three Forks Marsh to Fort Drum Creek (Blue Cypress Lake). RK442.8 to 

approximately 50 kilometers south of headwaters 
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Descriptive elements related to wetland features are addressed in the following section, Wetland 

Inventories by River Segment, include:  segment length and total area, geomorphology, 

hydrology, salinity, wetlands, shoreline ratio, soils, wetland dependent species, connections to 

other systems and environmental history, and relative likelihood of impacts from altered stage or 

salinity.   These results are used in a screening level assessment in the Relative Likelihood of 

Effects by River Segment section. Water quality analyses that support regionalization are shown 

in figures i – x in Appendix X.  An analysis of wetlands and soil types is provided in Appendix 

Y. 

  

Wetland Inventories by River Segment 

Segment 1 - Mill Cove Segment 

The Mill Cove river segment extends a length of 39.6 kilometers from the river mouth to the 

Fuller Warren Bridge (Figure 4).  The local basin (Figure 5) covers an area of 1056 km2 and 

contains a substantial coverage of urbanized land use (37.7%) (SJRWMD, 2006).  Wetlands 

(22.2%), forest (18.0%), and water (10.5%) make up much of the remainder.  Agricultural land 

use is uncommon (2.8%).  The approximate floodplain area, including open water, is 187.2 km
2 

..   

The river here is estuarine and appears to occupy a flooded river valley.  This segment exhibits 

the highest tidal energy with the semidiurnal tides having a range from 0.6 to 1.5 meters in 

amplitude NOAA, 2008.   The river here is essentially at sea level and stage is strongly tidally 

dominated.  Salinity is highly variable, but generally falls in the range of 6 to 21 ppt.  Water 

covers much of the floodplain (46%), but there are large areas of wetland in the lower part of the 

river and lesser amounts associated with tributaries entering the system (Figure 4).  The greatest 

amount of wetland cover is made up of Juncus romerianus (18%) and Spartina alternaflora 

(16%).   Spartina occupies the saltier and more deeply flooded area and Juncus tends to occupy 

fresher or less often flooded ground.  The shoreline ratio in this reach is overall high (low along 

the main channel, but very high in the marshes).  This contributes to the high environmental 

value of the marshes, which provide abundant habitat for fish, shore and wading birds, and a host 

of invertebrate species such as oysters, shrimp, and crabs, as well as the diamond back terrapins 

which feed upon them. The wetland soils here are Tisonia mucky peat, which is a hemist 

(histosol with a mix of fibrous and well decayed materials) and has high sulfur content (Figure 

6).   A number of tributaries enter the river in this segment.  These include Dunn Creek, Broward 

River, Trout River, Arlington River and Pablo Creek, among others.  It is likely that flow from 

these creeks has a significant effect on salinity levels in the system.  The river is connected 

through the Intracoastal Waterway (ICW) and by a continuous landscape of marshes to the 

estuary of the Nassau River to the north.  On the south it is connected by a long dredged section 

of the ICW to the Tolomato River estuary.   

 

The landscapes of River Segment 1 have undergone significant change.  Since 1943 the city of 

Jacksonville has grown substantially and many areas formerly in forest or rangeland cover are 

now covered by residential or commercial development.  Where urbanization has not occurred, 

reforestation following the near complete cutting of the upland pine forests has taken place.  

Most of these are now in commercial pine plantations.  The river channel itself has also 

undergone major change.  By 1943, the dredging of the ICW was essentially complete and the 

main St. Johns River channel had also been substantially deepened.  The Dames Point Cut Off, a 

channel that straightens the course of the river north of Mill Cove, had not at that time been 
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constructed and a substantial area of salt marsh existed in the area that is now Blount Island 

(most of which was created from dredge spoil).   In addition, some areas of open water have 

become filled with sediment and now support marsh vegetation.  Sea level rise (approximately 

2.4 mm / year) appears to have caused the tree line in many of the tributaries of the river to have 

receded and salt tolerant vegetation to have moved upstream. This has also been accompanied by 

enlargement and elaboration of drainage channels in the estuarine portion of these streams 

(possibly in response to increased tidal flow). 

 

Segment 2 – Doctor’s Lake Segment 

River segment 2, at 25.4 km in length is the shortest and smallest in area (153 km2) of the river 

segments (Figure 3).   The local drainage basin (779 km2) is the most urbanized (39.5%) of the 

river segments (Figure 7).  Wetlands (18.2), forest (17.1), and water (17.1), are also important 

landscape components, but agricultural land use is rare (1.7%).  Segment 2 extends from the 

Fuller Warren Bridge south to a line in the vicinity of Fleming Island (Figure 8).   This line 

represents the transition from the oligohaline and occasionally mesohaline conditions in segment 

2 to the fresh to oligohaline conditions of segment 3.  Salinity generally falls in a range of 1 to 7 

ppt., but can fall to near zero or spike to greater than 20 ppt.  The river in this segment is 

estuarine and occupies a broad flooded valley and is joined by several tributaries, notably the 

Ortega River and Julington Creek, the lower portions of which have been flooded by rising sea 

levels.  Tides are low in amplitude (ca. 0.3 to 0.6m) but regular. Reverse flow occurs about 25% 

of the time, indicating the importance of marine influence in this segment, which lies essentially 

at sea level.  The floodplain is mostly water covered (80%) and with the exception of Moccasin 

slough, just south of the inlet to Doctor’s Lake, the associated wetlands are only to be found well 

upstream in the river’s tributaries (Figure 8).  The wetlands at Moccasin slough contain small but 

notable (<1%) marshes of Spartina bakeri (a salt tolerant species), but the majority of the 

wetlands in this river segment are hardwood swamps (11%).  The absence of wetlands along the 

shoreline of the St. Johns River is probably attributable to the absence of floodplain habit along 

this reach, where the shoreline generally rises quite steeply from the edge of the river and 

provides significant habitat only for upland species.  Many areas of shoreline have been 

developed and are bordered by sea walls or other man-made structures; the shoreline ratio is very 

low.   Soils in this segment (Figure 9) are predominantly Maurepas muck, a sapric histosol with a 

very deep organic horizon (NRCS, 2007).   Among the wetland dependent species that occur in 

this segment are various waterfowl and wading birds, manatee, river and marsh clams, shrimp 

and crabs (Curtis, this volume). 

 

Currently, some cypress mortality along the St. Johns River’s edge can be observed.  This may 

be attributable to salinity events, which regularly exceed the 2 to 3 ppt  they are able to tolerate.  

Moreover, many cypress along the river’s edge have been observed to have root systems which 

are strongly asymmetrical.  Roots are absent on the riverward side of the tree and the landward 

roots grow upward into the soils of less salty wetland or uplands. 

 

 

A comparison of current and 1943 historic aerial photographs shows that some areas may have 

become saltier (perhaps because of sea level rise) and others, judging from shifts in the 

vegetation, may have become fresher.  In the Ortega River both phenomena are seen.  In the 

lower portion of the river, areas formerly with hardwood swamp cover have become dominated 
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by black needlerush, which is tolerant of higher salinity levels.  Further upstream, areas that 

appear to have been covered by Spartina bakeri in 1943 are now covered by shrub swamp and 

hardwood swamp growth, indicating fresher conditions.  This conversion of S. bakeri to shrub 

swamp or forest is also seen in Julington Creek.  A possible explanation for these changes is 

increased flow of fresh water in these tributaries that has resulted from the urbanization of the 

drainage basins of each stream.    Moccasin Slough, in contrast to these areas, appears to have 

undergone relatively little vegetation change.        

 

Segment 3 – Deep Creek Segment 

The Deep Creek Segment is by far the longest (100.1 km) and largest in area (579.5 km2) of the 

river segments (Figure 10).  Upland forest (41%) is the dominant land cover of the 5370 km2 

local basin.  This is followed by a sizable wetland component (26.0%).  Urban (11.1%), 

agriculture (8.8%), and water (6.9%) make up the remainder (SJRWMD, 2006).  Much of the 

agricultural land use in the basin falls within the Hastings agricultural area and drains to the river 

by way of Deep Creek.  The river itself is mainly estuarine in character and, in common with the 

downstream segments, occupies a flooded valley at near sea level.  South of Palatka (127.4 RK) 

the river develops a more fluvial pattern, meanders more and exhibit side channels in some areas.  

Even here, however, the river is at or very near sea level.  Tides are very low in amplitude (0.15 

to 0.4 m) and the water is of relatively low salinity (0.2 to 0.5 ppt), although it may exceed 10 

ppt under exceptional conditions (Ceric and Winkler, unpublished data).  Reverse flow occurs 

approximately 16% of the time.  Wetlands are a prominent feature (41.4%) and are dominated by 

hardwood swamps (28.2%) and other forested communities (Figure 11).  Wetlands occur both in 

the lower reaches of the many tributaries in this segment and in the river’s immediate floodplain, 

most commonly on Terra Ceia muck, a saprist of herbaceous origin (Figure 12).  Aquatic beds of 

Vallisneria are very common and are considered to be a decisive environmental feature of the St. 

Johns River in this segment.  Wetland fauna species include manatee, wading birds, water fowl, 

blue crab, shrimp and alligator.  A portion of the primary range of black bear in Florida occurs 

near the Ocklawaha River at the southern part of the Deep Creek section and most of the Deep 

Creek section is considered to be secondary range for this species (myfwc.com, 2004).  

 

Crescent Lake is associated with this river segment, to which it is connected by Dunn’s Creek.  

Along the far shore of Crescent Lake, there are several extensive stands of Spartina bakeri and 

other herbaceous species, which indicate saltier conditions.  The lake itself is not salty so the salt 

in these communities may be coming to the surface from the geological formations underlying 

the landscape.  Another area of herbaceous vegetation lies embedded within a hardwood swamp 

near Bayard point just south of Green Cove Springs.  Since 1943 it appears to have diminished in 

area due to the encroachment of hardwoods, although it is not clear why this feature was there in 

the first place or why it changed.    

 

The shoreline ratio in this segment is low, primarily due to the great extent of open water.   

 

Segment 4 – Lake George Segment 

The 41.2 kilometer long Lake George Segment is dominated by Lake George, a lacustrine 

feature with some estuarine characteristics (Figure 13).  The 1061 km2 local drainage basin is 

predominantly upland forest (49.1%), open water (21.5%), and wetland (18.8%).  Urban and 

agriculture cover 4.1 and 3.8%, respectively (SJRWMD, 2006).  
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Lake George has regular tides of low amplitude (<0.5 feet) and is considered to be the head-of-

tide for the St. Johns River, although exceptional tides may push further upstream (NOAA data, 

2007) .  The entire segment covers an area of 204.3 km2, the majority of which is open water 

(68%).  This dominance by water and relatively smooth shorelines may account for its very low 

shoreline ratio (0.002).  Lake George is near sea level and is very shallow over most of its extent.  

The bed of the lake, in common with all of the St. Johns River as far south as Lake Harney, is 

below sea level and salinity levels generally fall near 0.5 ppt., from which it only deviates 

slightly.  In this segment the contributions to the water budget of spring flow are conspicuous.  

Among the largest are Salt Springs ( 80.9 cfs), Silver Glen Springs (104 cfs), Croaker Hole 

Spring (76.2 cfs), Juniper Springs 10.6 cfs), and Fern Hammock springs (12.5 cfs), among others 

(Table 4).  Other less known springs and seeps may also contribute significantly to St. Johns 

River flow.   

 

The predominant wetlands (Figure 14) of the St. Johns River floodplain are hardwood swamp 

(12.9%) and hydric hammock (10%), although there are lesser amounts of other types, some of 

which (e.g. deep marsh) are of very high environmental value, or are rare or unusual in their 

occurrence (i.e. inland, non-tidal salt marshes) (SJRWMD, 2002) .  Large acreages of submerged 

aquatic vegetation dominated by Vallisneria americana occur in this river segment, although 

they are not a primary focus of this chapter (see Dobberfuhl, this volume).   Many wetland 

dependent fauna species occupy this segment of the river.  These include manatee, wading birds, 

waterfowl, black bear (primary habitat), crabs, and many valuable fish species.   

 

Much of the Lake George basin is in public land ownership and has been largely protected from 

development pressures.  However, an examination of early photographs, (SCS, 1942) along with 

recent images reveals that a series of salt-influenced marshes, primarily on the southeast side of 

the Lake George, have undergone change.  These areas, which were formerly dominated by 

Spartina bakeri and other salt tolerant species, are now predominantly covered by shrub and 

early successional forest vegetation.  Some remnants remain, which are unusual in their 

dominance by halophytes, including Sarcocornia and other highly salt adapted forms.  Non-

vegetated salt flats, notable for their absence of vascular plants because of the very high levels of 

salt in the soil, are also found here.  The soils are dominated by Terra Ceia and other mucks, 

although mineral soils are prominent in some areas (NRCS, 2007) (Figure 15). 

 

Segment 5.  Lake Woodruff Segment 

Although the Lake Woodruff segment is 49.2 km in length along the main St. Johns River 

channel, the presence of side channels, islands, meanders, dead-end channels, various back 

waters, and connected lakes – together with the relatively low total surface water area – results in 

a  high shoreline ratio (Figure 16).  Fluvial river channels are a prominent aspect of this segment, 

although there are several significant lakes (Dexter, Woodruff, Spring Garden, and Beresford), as 

well.  Spring flow, including that of Alexander Springs, DeLeon Spring, Blue Spring, Rock 

Springs, and Wekiva Springs, was well as many lesser springs (Table 4), contribute greatly to St. 

Johns River flow.   Salinity in the Lake Woodruff segment is somewhat elevated (0.3 to 0.6 ppt) 

owing to saline groundwater influence.  Hardwood swamps cover much of the floodplain 

(43.4%).  Shallow marshes, primarily of S. bakeri, or in some cases Cladium jamaicense, are the 

dominant wetland type around Lakes Woodruff and Dexter and in additional isolated patches, 
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(Figure 16).  Most of these herbaceous communities are heavily influenced by salts in the soil (P. 

Kinser, personal observation).  The most extensive soils are Terra Ceia muck, Everglades mucky 

peat, and Bluff sandy clay loam (Figure 17).  Wetland dependent fauna species are very 

abundant and include waterfowl and wading birds of many types, manatee, alligator, and a 

conspicuously large population of turtles (P. Kinser, personal observation).  This area is also 

primary habitat for Black Bear.  

 

The 1568 km
2
 local drainage basin contains a predominance of upland forest (35.4%) and 

wetlands (26.9%), but urban (16.7), and agricultural (11.2%) land uses are also significant 

(SJRWMD, 2006) (Figure 18).  The diminished width of the river in this segment and the 

presence of only a few large lakes accounts for the relatively small percentage of water (5.0%).   

 

An inspection of 1943 and 2004 aerial images shows that many hectares of the floodplain that 

were formerly dominated by herbaceous wetland vegetation have now become forested wetlands.  

Other changes or impacts include logging, channel and canal dredging, and the cutting of river 

meanders for navigation.  Spoil was placed in many places along the riverbank and have now 

become forested upland habitat features, although these are of limited extent. 

 

Segment 6.  Central Lakes Segment 

River segment 6 contains three large lakes, Monroe, Jesup, and Harney (Figure 19).  Harney and 

Monroe are both flow-through lakes, but Jesup, although connected to the river is offset from the 

main river flow and is more greatly influenced by conditions in its local basin.   

 

The Segment 6 local basin (Figure 20) contains significant urbanized land use (28.8%).  

Wetlands remain a significant landscape component (26.6%), followed by upland forest (17.0%), 

and agriculture (10.6%).  The three large lakes contribute to the 9.7% water coverage 

(SJRWMD, 2002). 

 

The total St. Johns River length in this segment, which covers an area of 198 km2, is 56.3 km, 

the greater part of which falls in the long fluvial river channel between lakes Harney and 

Monroe.  Segment 6 as a whole is a mix of lacustrine and riverine features.  Groundwater 

contributions from known springs are modest, but indirect contributions may be of more 

consequence.  Salinity levels within this segment generally fall in the range of 0.3 to 0.8 ppt, 

although some specific water bodies may be considerably more saline (A. Ceric, S. Winkler, 

unpublished data).  Although open water is the dominant aquatic feature in this segment (54.8%), 

wetlands are common and consist primarily of wet prairie and shallow marsh herbaceous 

communities.  Many of these wetland communities are composed of species that tolerate 

elevated salinities and in some areas communities adapted to hypersaline conditions, i.e. salt 

flats, have developed (P. Kinser, personal observation).  Many of these herbaceous wetland 

communities have been used for cattle grazing, although much of the lands formerly in that use 

have now come under public ownership .   The dominant soils in the area are Nittaw muck, a 

predominantly mineral soil with a thin organic epipedon, manatee fine sand and Terra Ceia muck 

(Figure 21).   Waterfowl, wading birds, and alligator are common in this segment.  The manatee 

is found to some degree in Lake Monroe, and may venture upstream from this point.  Marine fish 

such as mullet and stingray are also found in this river section although it is far removed from the 

ocean. 
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In the period between 1943 and the present, as evidenced by examination of aerial photographs, 

there has been considerable development in the basin, in particular around Sanford, Winter 

Springs, Oviedo and in the suburbs of Orlando.    

 

 

 

 

Segment 7.  State Road 50 – Anastamosing Channels Segment 
River segment 7 extends from Puzzle Lake to the outlet of Lake Poincett and is 68 kilometers in 

length.  This segment is the most truly riverine in character of all of the river segments (Figure 

22).  In this 189 km2 segment, much of which is in public ownership, there is a complex pattern 

of anastamosing channels that are generally stable in position (D. Rosgen, 1996).  A series of 

streams enter the system from the west.  These include Jim Creek, Tootoosahatchee Creek, and 

the Econlockhatchee River, among others.   Drainage from a series of lakes (Ruth, Longman and 

Salt) also enters the river along this stretch.  The St. Johns River here has a moderate rate of fall 

before reaching Lake Harney, upstream from this segment, which can be considered to be the 

local base-level feature for the southern sections of the river.  Lake Harney also appears to exert 

a strong back-water / hydraulic dam effect on river segment 7, prolonging the duration of flooded 

conditions (especially in more upstream areas, such as Puzzle Lake).  Salinity in the St. Johns 

River here is not high (0.3 to 0.7 ppt) generally but may be considerably higher in portions of the 

floodplain, which are dominated by shallow marsh (30%) and wet prairie (38%).   These are 

most often dominated by the salt tolerant grass, Spartina bakeri.  Many areas of hypersalinity 

occur, especially in the St. Johns National Wildlife Refuge and along the east side of the river 

north to Lake Harney (P. Kinser, personal observation).  Total wetland cover is 86.7% and the 

shoreline ratio (.027) is higher than in any other segment of the river.   The narrow, anastamosing 

channels of the St. Johns River are responsible for the prominence of edge habitat here.   

Hardwood swamps and hydric hammocks cover a small portion of the landscape (ca 8% 

together), but are mainly associated with tributaries entering the river from the west.  The 

presence of hardwood swamps may indicate the lower salt content of these inflowing streams .  

This segment provides significant habitat for species favoring edge habitat, in particular wading 

birds.  It was also the location of the last colony of the Dusky Seaside Sparrow, prior to its 

extinction in the 1980’s.    

 

Floridana fine sand and other mineral soils dominate the floodplain landscape (Figure 23), 

although Tomoka muck is prevalent in some low areas near the river channel (NRCS, 2007) . 

 

The local basin for segment 7 is the only basin in which wetlands (38.9%) are the predominant 

component.  It is followed by agriculture (23.1%, primarily pasture), urban (15.6%), forest 

(9.2%), and a small water (3.9%) component (SJRWMD, 2006) (Figure 24).  

 .   

An inspection of aerial photographs from the 1940s show relatively little evidence of major 

change in the river and its immediate floodplain other than some minor encroachment of 

transitional shrub vegetation into some areas of wet prairie.     
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Segment 8.  Chain of Lakes Segment 

The 65 km of segment 8 pass through a series of five lakes, Helen Blazes, Sawgrass, 

Washington, Winder, and Poinsett that are connected by a single narrow channel of low sinuosity 

(Figure 25).  This segment, much of which is in public ownership, begins at the first open water 

channel of the St. Johns River in an area known as the Three-Forks Marsh.   The system contains 

both riverine and lacustrine components and is driven by rainfall and runoff.  The western 

tributaries, including Jane Green Creek, Wolf Creek, and Taylor Creek, may contribute as much 

or more flow to the river as the riverine flow from segment 9 (L. Keenan, personal 

communication).  Groundwater seepage from the surficial aquifer appears also to be of some 

importance.  The water in the river is fresh (salinity <0.2 ppt.), but significant levels of salt may 

be present in the soils of some adjacent wetlands; unfortunately this has not been sufficiently 

studied.  In spite of the series of lakes, water covers only 14% of the floodplain area.  The 

wetland area (75 % of the total) is primarily in shallow marsh (38%, shrub swamp (15%), and 

wet prairie (9%).  Hardwood swamp forms a lesser coverage (5%) that enters the flood plain 

along its western margin in association with inflowing tributaries.  The dominant soils are Micco 

mucky peat, Tomoka muck, Floridana fine sand and Everglades mucky peat (NRCS, 2007) 

(Figure 26).  The shoreline ratio in this segment is high (0.013) reflecting the extensive and 

narrow river channel and the very irregular shorelines of the lakes in this segment.  This segment 

provides significant habitat for wading birds, waterfowl, and alligators.   

 

The local basin of 1705 km2 is dominated by agriculture (50.9%), much of which is on former 

wetland (Figure 27).  Wetlands remain a significant component (33.3%).  Urban (4.2%), forest 

(3.4%), and water (3.5%) constitute most of the remainder (SJRWMD, 2006). 

 

The floodplain in this segment has been extensively encroached upon by agricultural 

development.  The floodplain has been reduced in size by one third to one-half.  Numerous 

canals have also been constructed some of which serve to drain wetland areas near the river and 

others connect more distant wetlands to the river and provide more rapid drainage than existed 

naturally.  Shrub swamp vegetation, primarily willows, has increased markedly in the floodplain 

of this segment. 

 

Segment 9.  Blue Cypress Lake Segment 

Segment nine, although not subject to planned water supply withdrawals, is included here to 

provide a complete description of the St. Johns River and for its connection and contribution to 

downstream segments (Figure 28).  It is 33.4 km in length and covers an area of 246 km2.  

Historically the floodplain covered a far larger area, but much of the area was leveed and drained 

for agricultural development.  Some areas have been restored but do not currently function as 

part of the natural floodplain.  Pumps, levees, and other structures are very much a part of the 

system, which otherwise functions hydrologically as a headwater wetland.  Blue Cypress Lake, a 

relatively unimpacted lacustrine feature is the only significant area of open water.  Several 

forested tributaries, Fort Drum Creek, Padgett Branch, and Blue Cypress Creek flow in from the 

west, bringing in a significant amount of flow.  Direct rainfall is an important contributor and 

groundwater flow from the shallow aquifer may be of importance in some areas.  The water here 

is very fresh. Conductivity and alkalinity are much lower than in other river segments, but color 

is higher.  Wetlands, which make up 77% of the floodplain area, are dominated by shallow 

marsh (47%) and shrub swamp (11%).  The marshes are predominantly a mosaic of sawgrass, 
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maidencane, and water lily communities, not unlike the pattern seen in large areas of the 

Everglades (Lowe, 1983); willows and cattail appear to be increasing in cover.  The soils in this 

segment are almost all organic and include Terra Ceia muck, Everglades mucky peat, and Gator 

muck soils (NRCS, 2007) (Figure 29).  The shoreline ratio is low (.007) reflecting the relatively 

simple shore line relative to the area of Blue Cypress Lake.  Wading birds, which use slough 

habitat, and waterfowl, which use both the sloughs and the open waters of Blue Cypress Lake, 

find habitat here.  Alligators are also abundant.  The federally listed, endangered Everglades 

snail kite, which both nests and feeds here, is of major concern in the management of this river 

segment.    

 

The largest component of land use (Figure 30) in this once highly wetland dominated basin is 

agriculture (47.8%).  Wetlands remain a significant, although diminished, component at 36.3%.  

Water coverage (7.1%) is largely attributable to Blue Cypress Lake, and is followed by small 

urban (2.2%) and forest (2.9%) components (SJRWMD, 2006). 

 

Historically, this river segment has undergone much change.  The most conspicuous and 

potentially damaging is the great reduction in the floodplain.  Most of this area was converted to 

pastureland and ultimately to citrus, where it is now an important part of the Indian River Citrus 

District, where 75% of Florida’s grapefruit crop originates.   

 

Relative Likelihood of Effects by River Segment 

The wetlands in the segments of the St. Johns River differ widely in their sensitivity and 

susceptibility to adverse effects from surface water withdrawals.   Sensitivity here is considered 

to be an intrinsic characteristic of the vegetation itself, i.e. the degree to which the vegetation 

may be impacted by a change in stage or salinity.  Susceptibility refers to the degree to which the 

vegetation may be exposed to changes in stage or salinity and is mediated by location, soils, 

external hydrological influences, and other factors that tend to insulate the community from 

harm.  The intersection of sensitivity and susceptibility with a stressor of known magnitude 

indicates the relative likelihood of effects on a wetland.    

 

River segment one, the Mill Cove Segment 

The Mills Cove Segment contains wetlands that are sensitive to changes in inundation and would 

tend to respond to lower levels by moving down-slope to occupy more hydrologically favorable 

landscape positions.  The dominant soil, Tisonia mucky peat has an organic layer of partially 

decomposed material which lies on top of a thick bed of heavy clay.  Dewatering would have a 

very negative impact on this soil, which has a high sulfur content favoring acidification if 

exposed to oxygen.  Dewatering however is considerably impeded by the very low permeability 

of this soil, and due to the proximity to tidewater, a lowering of stage to any significant degree is 

very unlikely.  We believe that the likelihood of impact from lowered stages from upstream 

withdrawals is very low.   

 

Wetland plants in this segment of the St. Johns River floodplain are generally quite salt tolerant.  

Small to moderate changes in salinity are unlikely to have discernable effects since the river here 

is strongly influenced by marine tides. In our opinion, salinity changes resulting from upstream 

withdrawals  would be de minimis and undetectable when set against the natural variability of 

salinity levels.      
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River segment 2, the Doctors Lake Segment      

River segment 2, which contains both the smallest relative proportion and actual area of 

wetlands, being essentially at sea level is unlikely to experience any significant alterations in 

stage.   The dominant soil, Maurepas muck, although rapidly permeable, is very unlikely to 

experience dewatering. This segment may, however, be subject to some change in salinity (up to 

several parts per thousand).   Much of the wetland area is located away from the main stem of the 

St. Johns River, in the Ortega River and Julington Creek, where tributary inflow plays a decisive 

role on salinity levels but Moccasin Slough, a wetland fronting on the St. Johns River south of 

Doctor’s lake is fully exposed to the effects of potential salinity change.  Here, there is a fringe 

of cypress and hardwoods along the water’s edge, and tree mortality from heightened salinity 

appears to have already occurred (P. Kinser, personal observation).  Increased salinity may 

accelerate this trend.  The main body of the wetland here is vegetated by Spartina bakeri, a very 

salt tolerant species, so some increase in salinity would be tolerated.  The hardwoods fringing the 

upland edge of this community might, however, suffer additional salinity stress, and shoreline 

vegetation could also be affected.  For these reasons, (sensitive vegetation types, although 

limited in extent, and some measure of salinity change), we consider the likelihood of effects to 

be moderate.  Further investigation is warranted and advised.  

 

River Segment 3, Deep Creek Segment 

Segment 3 contains a very high proportion of freshwater wetlands, primarily hardwood and 

hydric hammock.  Some are located along tributaries, which afford them some protection from 

changes in the river, but significant areas of floodplain forest also line much of the main stem.  

The vegetation is sensitive to hydrological changes and the dominant soil, Terra Ceia muck, a 

rapidly permeable saprist, offers little protection from the effects of dewatering.   Changes in 

stage exceeding the most minor amount are nonetheless very unlikely, so we consider the 

likelihood of harm from this cause to be low.   

 

We are more concerned about Potential changes in salinity.  Salinity levels in the lower part of 

the segment may peak at over 10 ppt under conditions of drought and high tide levels.  Although 

the vegetation does not presently appear stressed by salinity, increases, if sustained, could cause 

some harm, especially in exposed areas, such as Hallow’s Cove or Stokes Landing.  Effects 

appear to be progressively less likely further upstream owing to the diminished influence of tides 

and large volumes of fresh water delivered by tributaries to the system.       

 

River Segment 4, Lake George Segment  

Lake George is generally considered to be the head of tide for the St. Johns River and as such 

forms the upper boundary of its estuary.  Water levels, especially low and average, are strongly 

influenced by ocean levels.  The bordering wetlands are predominantly hardwood swamps and 

hydric hammocks, although some non-tidal saline wetlands also occur in this segment.  Terra 

Ceia muck and other organic soils are dominant, but significant pockets of mineral soils occur in 

isolated areas and along the upland margins of the wetlands.  We do not expect harm from 

changes in stage to occur since modeled declines are of very low magnitude (on the order of 

millimeters).  Major changes in salinity are also unlikely here.  Most of the wetlands are hydrated 

in good part by tributary flow, runoff, and rainfall and are only flooded by contiguous waters 

from the lake at high levels (when the lake is at its freshest).  Projections of future conditions in 
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the non-tidal salt marshes near the southeastern shore of the lake are more difficult to make.  The 

salt in the soils of these communities appears to be delivered by groundwater.  Reduced dilution 

of these salts could occur if flood hydration was reduced, but water levels are strongly influenced 

by sea level and are not likely to be altered by withdrawals. 

 

River Segment 5, Lake Woodruff Segment  

The Lake Woodruff Segment of the river is the most downstream on which a MFL determination 

has been made (Mace 2006).  Both Hardwood Swamp and Shallow Marsh communities occur in 

abundance.  The bed of the river and its associated lakes lie below sea level, but the system 

depends upon downstream flow and the contributions from tributaries and the local watershed to 

maintain moderate and higher stages.  The soils are most often organic and rapidly permeable, 

but mineral soils with low permeabilities are not uncommon.  Some measure of stage lowering 

worthy of consideration is projected to occur in this segment.  The hardwood forest communities, 

particularly those that are distant from tributary inflow, on organic soils, and near the river 

channel, may experience some measureable reduction in hydroperiod.  Some marsh communities 

may also be susceptible, so we recommend continued work on this river segment.  We do not 

expect changes in river salinity to impact wetlands vegetation along this segment, but 

recommend further research to better understand groundwater salinity and the processes through 

which it is expressed in shallow horizons of the soil profile.   

 

River Segment 6, Central Lakes 

MFLs were set for Lake Monroe (Mace, 2007c).  This segment is the first in which herbaceous 

vegetation is dominant.  The soils also begin to shift in composition toward mineral soils with 

thin or nonexistent organic epipedons, although deeper organic soils occur in lower elevations of 

the landscape.  Hardwood swamps here are predominantly associated with inflowing tributaries 

and the hydric hammocks, as in other river segments, are at elevations that are only flooded by 

the highest levels (least affected by withdrawals).  The wet prairies, which are the most common 

wetland type in this segment are at relatively high elevations, as well (ca. 0.88m.), and typically 

occupy soils of very low permeability.  The shallow marshes are at lower elevations (median 1.1 

feet) (SJRWMD, XXXX) and tend to be on more permeable organic soils (NRCS, 2007). They 

are subject to a predicted lowering of stage of approximately 0.1 feet, far lower than the criterion 

drawdown level of 0.55 ft. used for the protection of similar communities from groundwater 

withdrawals.  A drawdown in the predicted range, ca. 0.1 feet, although unlikely to have a 

marked effect on the conditions necessary for the maintenance of this community, nevertheless 

warrants some additional study.   

 

Further upstream in this segment, along the river reach between Jesup and Lake Harney and in 

the floodplain of Lake Harney, itself, the landscape changes.  The soils tend to be mineral and of 

moderate permeability and there are some areas of hardwood swamp along the riverfront.  We 

believe this area may need additional assessment.   

 

River Segment 7, State Road 50 

MFLs were adopted for this segment and it is considered to cover the river and its floodplain 

from SR 528 on the south to SR 46 on the north (Mace, 2007).   The dominant vegetation 

community is wet prairie, which primarily occurs on broad expanses of minerals soils of slow to 

very slow permeability and little or no slope.  A thin organic layer may be present.  The second 
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most common community is shallow marsh, which lies at lower elevations near the channel and 

frequently on organic soils or on soils with an organic surface layer (NRCS, 2007) most 

commonly Tomoka muck, which has moderate permeability.  Salinity is an important feature of 

the soils, especially those of the wet prairie communities.  Water levels exhibit a wide range of 

fluctuation and extend from minimums during extreme draughts (at State Road 50) of near 2 feet 

to maximums of over 12 feet during extreme floods.  These extremes, together with frequent fire, 

have an important influence on the character of the vegetation which is well adapted to extreme 

conditions.  At moderate to high stage levels, we believe these communities will be well 

hydrated, and the soils will remain saturated for durations sufficient to protect wetland 

communities from encroachment by upland species.  At low stages, the magnitude of the 

proposed withdrawals, relative to total stream flow, is of more concern.  Plant communities 

growing near the river channels might experience a greater level of stress from drawdown.  

Effects of withdrawals on salt concentrations in the marsh soils remain unknown.  For these 

reasons, concern may be warranted. Relative to other river segments, we consider the likelihood 

of impacts in this segment to be moderate.     

 

River Segment 8, Chain of Lakes 

MFLs have been proposed for Lake Poinsett (Mace 2007), and Lake Washington (Hall 1987; 

Hall and Borah, 1998).  The dominant wetland plant community is shallow marsh, which is 

somewhat resistant to drawdown, and shrub swamp, which often owes its existence to prior 

disturbance.  Significant wet prairie, hardwood swamp and shallow marsh communities also 

occur in this segment. These communities may also be influenced by soil salinity.  Some 

communities (e.g. wet prairies, hydric hammocks, and hardwood swamps) may occur on mineral 

soils, though the majority of the soils are organic and have moderate to very rapid permeabilities. 

Some of these soils are quite susceptible to reduced hydroperiod and consequent subsidence. We 

believe that the magnitude of potential changes in the stage-frequency distribution may be 

sufficient to cause some effect on vegetation communities in this segment of the river.  Further 

study is warranted.  

 

River Segment 9, Blue Cypress Lake 

MFLs were set for a portion of river segment 9, the Blue Cypress Water Management Area 

(BCWMA), to protect the habitat of the Everglades Snail Kite which feeds and nests in this area.  

The BCWMA makes up approximately 10% of this segment and has mineral soils.  The 

vegetation communities of the remainder of this river segment are sensitive to changes in stage 

and  are susceptible since they occur on more permeable organic soils, which offer little 

protection from the effects of dewatering (NRCS, 2007).  Water levels in this segment are, 

however, highly regulated and all water withdrawals for alternative water supply needs are 

located well downstream. Further study is not needed.  The likelihood of impact from alternative 

water supply is nil. 

 

 

Discussion and Conclusions 

This assessment describes the wetland resources of the St. Johns River floodplain, and through a 

screening-level approach derives the relative likelihood of effects for different areas of the river.  

By doing so, it serves to focus attention on those river segments where wetland features are at the 
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greatest risk of adverse effects from water withdrawals.  A more exact measure of the magnitude 

of risk, however, will require the more detailed study to be performed in Phase II.     

 

As a first phase in the examination of the potential effects from water withdrawal from the St. 

Johns River, we have endeavored to consider the diversity of wetlands, soils, landscapes, and 

hydrological conditions that occur over the length of the St. Johns River.  In order to better study 

this very large and diverse riverine system, regionalization of the river into a manageable number 

of segments based on geomorphology, hydrology, water quality, wetland characteristics, soils 

and other characteristics was undertaken.  Wetlands vegetation communities include a diversity 

of saline and freshwater herbaceous communities as well as a wide range of shrub and forested 

communities, which vary considerably in their sensitivities to declines in river stage.  Some of 

these communities occur on soils of low permeability, which are not easily dewatered.  Other 

communities are on soils that are highly permeable and more easily dewatered and may also be 

subject to oxidation of the organic matter that may constitute in many instances constitutes the 

bulk of the soil matrix.  The topographic and hydrological milieu under which these communities 

exist also varies greatly.  Some are near the river and are inextricably tied to its hydrological 

pattern.  Others occur on portions of the floodplain in which seepage or flow from tributary 

streams is hydrologically dominant.  Taking all of these considerations as a whole, a first 

assessment - at the level of river segments - can be made. River segments 7 (Anastomosing 

Channels) and 8 (Chain of Lakes) appear to be at greatest risk from the direct effects of water 

withdrawals   Segments 5 (Lake Woodruff) and 6 (Central Lakes) may also be at some risk.  For 

the remaining segments, there seems relatively little risk from the direct effects of drawdown.  

The risk from increased salinity follows a different pattern.  The risk appears definitely to be 

highest for the wetlands of segment 2 (Doctors Lake), although these is also some measure of 

risk in the lower reaches of segment 3 (Deep Creek).  There is probably little risk of harmful 

increases in salinity in either segment 4 (Lake George) or segment 5 (Lake Woodruff), but there 

may be some level of risk to segments 6 (Central Lakes), 7 (Highway 50), and possibly portions 

of segment 8 (Chain of Lakes).  A better understanding of the sources and movement of salt into 

the soils of these areas is definitely needed before a more definitive assessment can be made.     
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Figure 1. Floodplain GIS feature development 

 
 



 

Figure 2.  Wetlands Hydrology 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3.   Regionalization of the river: segment floodplain (dark color) and local drainage 

(light color) 

 

 
 

 



 

Figure 4.  Segment 1, Mill Cove Segment.

       
 

 

 

 

 

 



 

Figure 5. Segment 1, Mill Cove Segment: local land use 

 

 
 

 

Figure 6.  Segment 1, Mill Cove Segment Soil Summary 

 

 
 

 



 

Figure 7.  Segment 2 – Doctor’s Lake Segment: local land use 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 8.  Segment 2 – Doctor’s Lake Segment 

 

 
 

 

 

 

 



 

Figure 9.  Segment 2 – Doctor’s Lake Segment Soil Summary 

 

 
 

 

Figure 10.  Segment 3 – Deep Creek Segment: local land use 

 
 

 

 



 

 

 

Figure 11.  Segment 3 – Deep Creek Segment 

 

 
 



 

Figure 12.  Segment 3 – Deep Creek Segment Soil Summary 

 
 

Figure 13. Segment 4 – Lake George Segment: local land use 

 

 

 
 

 

 



 

Figure 14. Segment 4 – Lake George Segment 

 

 
 

 

 



 

Figure 15. Segment 4 – Lake George Segment Soil Summary 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 16.  Segment 5 – Lake Woodruff Segment 

 

 
 

 



 

Figure 17.  Segment 5 – Lake Woodruff Segment Soil Summary 

 
 

Figure 18.  Segment 5 – Lake Woodruff Segment: local land use 

 
 

 

 

 

 

 



 

Figure 19.  Segment 6 – Central Lakes Segment 

 

 
 



 

Figure 20.  Segment 6 – Central Lakes Segment: local land use 

 
 

Figure 21.  Segment 6 – Central Lakes Segment Soil Summary 

 
 

 

 

 

 



 

Figure 22.  Segment 7 – State Road 50 Segment 

 

 
 



 

Figure 23.  Segment 7 – State Road 50 Segment 

 
 

Figure 24.  Segment 7 – State Road 50 Segment Soil Summary 

 

 
 

 

 

 



 

 

Figure 25.  Segment 8 – Chain of Lakes Segment 

 

 
 



 

 

Figure 37.  Segment 8 – Chain of Lakes Segment: local land use 

 
 

Figure 27.  Segment 8 – Chain of Lakes Segment Soil Summary 

 
 

 



 

 

Figure 28.  Segment 9 – Blue Cypress Lake Segment  

 
 

 

 

  



 

Figure 29.  Segment 9 – Blue Cypress Lake Segment Soil Summary 

 
 

 

Figure 30.  Segment 9 – Blue Cypress Lake Segment: local land use 

 

 

 



 

Appendix X. 

 

Figure i:.  Water quality: Turbidity by river segment (nephelometric turbidity units) 

 

 

Figure ii:.  Water quality: Color by river segment (platinum cobalt units) 

 

 

 

 



 

 

Figure iii:.  Water quality: Conductivity by river segments (umhos/cm) 

 

Figure iv:.  Water quality: pH by river segment (standard units) 

 

 

 

 

 

 



 

 

Figure v:. Water quality: Alkalinity by river segment (mg/L) 

 

Figure vi:.  Water quality: Salinity by river segment (ppt) 

 

 

 

  



 

Figure vii:. Water quality: Total Kjeldahl nitrogen by river segment (mg/L) 

 
Figure viii:. Water quality: Total nitrogen and nitrate by river segment (mg/L)  

 
 

 

 

 

 

 

  



 

Figure ix:.  Water quality: Total organic carbon by river segment (mg/L) 

 
 

Figure x:.  Water quality: Total Phosphorus by river segment (mg/L) 

 

 
 

 

 

 

 



 

Appendix Y. 

 

Figure i.  Segment 1, Mill Cove Segment 

 
 

Figure ii.  Segment 2 – Doctor’s Lake Segment 

 

 

 



 

Figure iii.  Segment 3 – Deep Creek Segment 

 

 

 
Figure iv. Segment 4 – Lake George Segment 

 
 

 



 

Figure v.  Segment 5 – Lake Woodruff Segment 
 

 
 

Figure vi.  Segment 6 – Central Lakes Segment 

 
 

 

 



 

Figure vii.  Segment 7 – State Road 50 Segment 

 

 

 

 
Figure viii.  Segment 8 – Chain of Lakes Segment 

 
 

 



 

Figure ix.  Segment 9 – Blue Cypress Lake Segment  
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Table 2.  Wetland Types of the St. Johns River Basin 

 

Freshwater Wetlands 

Cypress (CY) - Forested wetlands dominated by bald cypress or pond cypress (Taxodium 

distichum or T. ascendens) and flooded annually for periods of long duration - typically 4 to 8 

months in any given year. Includes cypress dome, stand, and lakeshore variants. 

  

Hardwood Swamp (HS) - Forested wetlands dominated by one or more deciduous hardwood 

species typically including black gum, red maple, water ash, water elm, and willows. Cypress is 

often a significant component of this type. Subject to annual, seasonal periods of prolonged 

flooding. 

  

Bayhead (BH) - Forested wetlands dominated by one or more species of broadleaved, evergreen 

bay trees (Gordonia lasianthus, Persea palustris, or Magnolia virginica). Dahoon holly (Ilex 

cassine) may occasionally be dominant. Soils usually organic and nearly constantly saturated as 

well as being at least occasionally flooded. The canopy of some sites may be dominated by 

pines, but bays and other indicators will be prevalent in the subcanopy and understory. 

  

Baygall (BG) - Forested wetlands typically dominated by one or more species of evergreen bay 

trees or less commonly by dahoon holly, deciduous hardwoods, or pine. Located at the bases of 

sandy slopes and maintained by downslope seepage. Soils organic and nearly constantly 

saturated but infrequently flooded. 

  

Hydric Hammock (HH) - Forested systems dominated by a mixture of broadleaved evergreen 

and deciduous tree species. Cabbage palmetto (CP) may be dominant in some variants of this 

type. Seldom inundated but with saturated soils during much of the year. 

  

Bottomland Hardwoods (BL) - Deciduous forest communities lying in the floodplains of rivers 

and streams subject to rapid rise and fall of floodwaters. At other times, they may be relatively 

well drained, or at most, saturated by lateral seepage. Associated soils are alluvial. 

  

Forested Depressions - Typically pond cypress, pine, deciduous hardwood, bay, or cabbage palm 

dominated communities occupying shallow depressions in mesic flatwoods sites. Understory 

vegetation consists of hydrophytic shrubs, grasses, and herbs. Saw palmetto, gallberry and other 

typical mesic flatwoods species generally absent. In the absence of fires, or as a result of forest 

management practices, understory or associated species (such as loblolly bay) may dominate 

these sites. Soils usually sandy and subject to brief (1 - 2 months) seasonal inundation or 

prolonged soil saturation. 

  

Shrub Swamp (SS) - Dominated by willows, buttonbush, or similar appearing vegetation. 

Hydrology similar to that of cypress, hardwood swamp, or shallow marsh communities. 

  

Shrub Bog (SB) - Dominated by shrubby vegetation occupying typical bayhead sites. Often 

developing in bayheads destroyed by fire or other disturbance. Hydrology similar to that of 

bayhead communities. 
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Shrubgall (SG) - Wetlands dominated by shrubby vegetation occupying typical baygall sites and 

having similar hydrologies and soils. 

  

Transitional Shrub (TS) - Dominated by transitional shrubby vegetation at upland margins of 

wetter community types or on clear cut hydric sites. Also develops on wet prairie sites which 

have been protected from fire. Wax myrtle (Myrica cerifera) and Baccharis halimnifolia are 

typical species. 

  

Deep Marsh (DM) - Deep water wetlands dominated by a mixture of water lilies and deep water 

emergent species. Semi-permanently to permanently flooded. 

  

Lakeshore Emergents (DM-LS) - Emergent vegetation growing along lake shores and usuall y 

semi-permanently flooded. Panicum hemitomon and species of Scirpus are most common. 

  

Water Lilies (DM-N) - Floating leaved species in the genera Nymphaea, Nuphar, Nelumbo, 

Brasenia and Nymphoides. Usually semi-permanently to permanently flooded. 

  

Shallow Marsh (SM) - Herbaceous or graminoid communities dominated by species such as 

sawgrass, maidencane, cattails, pickerel weed, arrowhead, or other grasses and broad leaved 

herbs. Occurs most often on organic soils that are subject to lengthy seasonal inundation. Subject 

to occasional fire. 

  

Wet Prairie (WP) - Communities of grasses, sedges, rushes, and herbs typically dominated by 

sand cordgrass, maidencane, or a mixture of species. Usually on mineral soils that are inundated 

for a rela tively short duration each year, but with prolonged soil saturation. Subject to frequent 

fire. 

  

Floating Marshes (FF) - Communities of free-floating plants (such as water hyacinth, water 

lettuce, or duckweed) or floating mats of rhizomatous species (such as alligator weed or various 

grasses and sedges). 

  

Submerged Aquatic Beds (AB) - Communities of aquatic plants rooted in the sediments of 

shallow water bodies and having the majority of their photosynthetic tissues below the water 

surface. Generally permanently flooded. 

  

Freshwater Flats and Barren Areas (BA) - Sandy or muddy sites subject to occasional or regular 

inundation with less than 33% vegetation cover during the growing season. 

  

Water (W) - Unvegetated or sparsely vegetated sites subject to prolonged or semi-permanent 

flooding. Includes lakes, streams, ponds and other water bodies.  

   

Saline Wetlands 

 Mangrove Forest (MF) - Forested saline wetlands dominated by one or more mangrove tree 

species (Rhizophora mangle, Avicennia germinans, or Laguncularia racemosa) growing on sites 

where they are capable of achieving tree stature. These communities may be further classified by 



 

dominant species or by forest physiognomy. 

  

Shrub Mangrove (MS) - Sites dominated by one or more mangrove tree species growing on sites 

where they are prevented by natural processes (including climate, nutrients, and wave action) 

from achieving tree size. These communities may be further classified according to dominant 

tree species or by stand physiognomy. 

  

Spartina alterniflora Marsh (SA) - Herbaceous saline wetlands dominated by smooth cordgrass, 

often in nearly pure stands. Typically occupies a zone between open water or tidal flat 

communities and a salt flat or black needle rush zone. 

  

Juncus roemerianus Marsh (JR) - Herbaceous saline wetlands dominated by black needlerush, 

often in nearly pure stands. Typically occupies a zone between the lower smooth cordgrass zone 

and the high meadow community type. 

  

Salt Flats (SF) - Communities developing on sandy, hypersaline soils upland from the Spartina 

or Juncus zone and which are characterized by concentric bands of vegetation developing in 

response to a salinity gradient. Consists of salt barrens (SF-B) and vegetated flats (SF-V). 

  

Borrichia frutescens (BO) - Saline wetlands dominated by sea ox-eye. Most abundant in marshes 

of high salinity and low tidal amplitude and at higher elevations adjacent to high meadow 

communities.  

  

High Meadow (HM) - High irregularly flooded herbaceous communities transitional between 

uplands and salt flats or Juncus roemerianus marshes and typically dominated by Spartina 

bakeri, S. patens, Borrichia frutescens, or other facultative species. 

  

Tidal Flats (TF) - Non-vegetated, shallow-water habitats situated between the low and high tide 

limits. Substrate soft to semi- soft sand or mud. Found where sediments accumulate and usually 

bordered landward by Sparti na alterniflora marshes and seaward by tidal channels or subtidal 

seagrass beds. 

  

Shoreline and Beach (BE) - Non-vegetated sites occupying slopes exposed to periodic 

inundation, and wave action. Typically bordering open water areas and transitional to upland 

coastal dunes and scrub communities. 

  

Seagrass Beds (SG) - Submerged beds of marine vascular plants dominated by Halodule 

beaudettei, Ruppia maritima, Thalassia testudinum or other species occurring below the 

intertidal zone. 

  

 Transitional Wetlands 

 Intermediate Marsh (IM) - Herbaceous wetlands of low or fluctuating salinity in which neither 

estuarine or freshwater species attain full dominance. Subject to significant freshwater inflows as 

well as to daily tides and saltwater influence. 

  

Uplands (U) - Used for all areas that are not delineated as wetlands vegetation.  May include 



 

drained areas, developed or farmed lands, and pine plantations on hydric soils.  Hydrology may 

be xeric, mesic, or hydric. 

 

Table 3.  Soils of the St. Johns River Floodplain 
Soil Name Series taxonomic 

Class 

Soil Order Series Drainage 

and Permeability 

Permeability O horizon 

thickness (in.) 

USDA 

O horizon 

thickness (in.) 

MFL 

Anclote muck Siliceous, 
Hyperthermic Typic 

Endoaquolls 

Mollisol Very poorly 
drained 

Rapid permeability <5  9 

Anclote  Siliceous, 
Hyperthermic Typic 

Endoaquolls 

Mollisol Very poorly 
drained 

Rapid permeability 0 4.45 

Basinger fine sand Siliceous, 

Hyperthermic 
Spodic 

Psammaquents 

Entisol Poorly and very 

poorly drained 

Rapid permeability 0   

Basinger Siliceous, 

Hyperthermic 
Spodic 

Psammaquents 

Entisol Poorly and very 

poorly drained 

Rapid permeability 0 0.5 

Bluff  Fine-Loamy, 

Siliceous, 

Superactive, 
Hyperthermic Typic 

Endoaquolls 

Mollisol Very poorly 

drained 

Slow permeability 0 1.93 

Bradenton fine sand Coarse-Loamy, 

Siliceous, 
Superactive, 

Hyperthermic Typic 

Endoaqualfs 

Alfisol Poorly drained Moderate to slow 

permeability 

0   

Bradenton  Coarse-Loamy, 
Siliceous, 

Superactive, 

Hyperthermic Typic 
Endoaqualfs 

Alfisol Poorly drained Moderate to slow 
permeability 

0 4 

Canova muck Fine-loamy, 

siliceous, 

superactive, 
hyperthermic Histic 

Glossaqualfs 

Alfisol Very poorly 

drained 

Moderate to slow 

permeability 

9 9.71 

Chobee fine sandy 

loam 

Fine-loamy, 

siliceous, 

superactive, 
hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 

drained 

Slow to very slow 

permeability 

0   



 

Chobee loamy fine 

sand 

Fine-loamy, 

siliceous, 

superactive, 

hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 

drained 

Slow to very slow 

permeability 

0   

Chobee Fine-loamy, 

siliceous, 
superactive, 

hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 

drained 

Slow to very slow 

permeability 

0 7.56 

Delray fine sand Loamy, siliceous, 
superactive, 

hyperthermic 

Grossarenic 
Argiaquolls 

Mollisol Very poorly 
drained 

Rapid permeability 
in the A and Eg 

horizons and 

moderately rapid to 
moderate 

permeability in the 

Btg horizon 

0   

Delray Loamy, siliceous, 

superactive, 

hyperthermic 
Grossarenic 

Argiaquolls 

Mollisol Very poorly 

drained 

Rapid permeability 

in the A and Eg 

horizons and 
moderately rapid to 

moderate 

permeability in the 
Btg horizon 

0 1.25 

Denaud muck Coarse-Loamy, 
Siliceous, 

Superactive, 

Nonacid, 
Hyperthermic Histic 

Humaquepts 

Inceptisol Very poorly 
drained 

Moderate 
permeability 

11 11 

Denaud  Coarse-Loamy, 

Siliceous, 

Superactive, 

Nonacid, 

Hyperthermic Histic 
Humaquepts 

Inceptisol Very poorly 

drained 

Moderate 

permeability 

11 9.88 

Eaton loamy sand Clayey, mixed, 
active, hyperthermic 

Arenic Albaqualfs 

Alfisol Poorly and very 
poorly drained 

Rapid permeability 
in the A horizon 

and slow in the Btg 
horizon 

0   

Eaton sand Clayey, mixed, 
active, hyperthermic 

Arenic Albaqualfs 

Alfisol Poorly and very 
poorly drained 

Rapid permeability 
in the A horizon 

and slow in the Btg 

horizon 

0 8 

Eaton  Clayey, mixed, 
active, hyperthermic 

Arenic Albaqualfs 

Alfisol Poorly and very 
poorly drained 

Rapid permeability 
in the A horizon 

and slow in the Btg 

horizon 

0 2.51 

Everglades Euic, Hyperthermic 

Typic Haplohemists 

Histisol very poorly drained rapid to very rapid 80   

EauGallie  Sandy, siliceous, 
hyperthermic Alfic 

Alaquods  

Spodosol Poorly or very 
poorly drained 

Moderate to slow 
permeability 

0   



 

Farmton Sandy, siliceous 

hyperthermic Arenic 

Ultic 

Spodosol Poorly drained Rapid permeability 

in the A and E 

horizons and 

moderately slow 

permeability in the 
Btg horizons. 

0   

Felda sand Loamy, siliceous, 

superactive, 
hyperthermic Arenic 

Endoaqualfs 

Alfisol Poorly drained and 

very poorly drained 

Moderately rapid to 

moderate 
permeability 

0   

Felda  Loamy, siliceous, 

superactive, 

hyperthermic Arenic 
Endoaqualfs 

Alfisol Poorly drained and 

very poorly drained 

Moderately rapid to 

moderate 

permeability 

0   

Floridana sand Loamy, siliceous, 
superactive, 

hyperthermic Arenic 
Argiaquolls 

Mollisol Very poorly 
drained 

Very slow 
permeability 

0 4.25 

Floridana  Loamy, siliceous, 
superactive, 

hyperthermic Arenic 

Argiaquolls 

Mollisol Very poorly 
drained 

Very slow 
permeability 

0 3.58 

Gator muck Loamy, siliceous, 
euic, hyperthermic 

Terric Haplosaprists 

Histosol Very poorly 
drained 

Permeability is 
rapid in the Oa and 

moderate in the 

loamy parts of the 
Cg horizon 

34 27.12 

Gator  Loamy, siliceous, 
euic, hyperthermic 

Terric Haplosaprists 

Histosol Very poorly 
drained 

Permeability is 
rapid in the Oa and 

moderate in the 

loamy parts of the 
Cg horizon 

34 37.26 

Holopaw sand Loamy, siliceous, 
active, hyperthermic 

Grossarenic 

Endoaqualfs 

Alfisol Poorly and very 
poorly drained 

Rapidly permeable 
in the A and E 

horizons and 

moderately or 
moderately slowly 

permeable in the B 

horizon 

0   

Holopaw  Loamy, siliceous, 

active, hyperthermic 
Grossarenic 

Endoaqualfs 

Alfisol Poorly and very 

poorly drained 

Rapidly permeable 

in the A and E 
horizons and 

moderately or 

moderately slowly 
permeable in the B 

horizon 

0 1.3 

Hontoon Dysic, Hyperthermic 
typic Haplosaprists 

Histosols Very poorly 
drained 

Rapid permeability 65   



 

Immokalee sand Sandy, siliceous, 

hyperthermic Arenic 

Alaquods 

Spodosol Poorly drained or 

very poorly drained 

Permeability is 

rapid or very rapid 

in the A and E 

horizons and 

moderate or 
moderately rapid in 

the Bh horizon 

0   

Immokalee  Sandy, siliceous, 

hyperthermic Arenic 

Alaquods 

Spodosol Poorly drained or 

very poorly drained 

Permeability is 

rapid or very rapid 

in the A and E 
horizons and 

moderate or 

moderately rapid in 
the Bh horizon 

0 1.25 

Lynne sand Sandy over clayey, 
siliceous over 

kaolinitic, 

hyperthermic Ultic 

Alaquods 

Spodosol Poorly drained Moderately slow 
permeability 

0   

Lynne Sandy over clayey, 
siliceous over 

kaolinitic, 

hyperthermic Ultic 
Alaquods 

Spodosol Poorly drained Moderately slow 
permeability 

0 5 

Malabar Loamy, siliceous, 
active, hyperthermic 

Grossarenic 

Endoaqualfs 

Alfisols Very poorly 
drained 

Rapidly 
permeability in the 

A, E, Bw and Cg, 

horizons, slow to 
very slow 

permeability in the 

Btg horizon 

0   

Manatee loamy fine 

sand 

Coarse-loamy, 

siliceous, 

superactive, 

hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 

drained 

Moderate 

permeability 

0 4 

Manatee sandy loam Coarse-loamy, 

siliceous, 
superactive, 

hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 

drained 

Moderate 

permeability 

0 5 

Manatee sand Coarse-loamy, 

siliceous, 
superactive, 

hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 

drained 

Moderate 

permeability 

0 2 

Manatee Coarse-loamy, 
siliceous, 

superactive, 

hyperthermic Typic 
Argiaquolls 

Mollisol Very poorly 
drained 

Moderate 
permeability 

0 3.22 

Maurepas Muck euic hyperthermic 
tykpic haplosaprists 

Histosol Very poorly 
drained 

rapid 64 

  



 

Myakka sand Sandy, siliceous, 

hyperthermic Aeric 

Alaquods 

Spodosol Poorly to very 

poorly drained 

Rapid permeability 

in the A horizon 

and moderate or 

moderately rapid 

permeability in the 
Bh horizon 

0   

Micco Loamy, siliceous, 
dysic, hyperthermic 

Terric Haplohemists 

Histosol Very poorly 
drained 

Permeability is 
moderate to 

moderately slow 

30   

Myakka  Sandy, siliceous, 

hyperthermic Aeric 
Alaquods 

Spodosol Poorly to very 

poorly drained 

Rapid permeability 

in the A horizon 
and moderate or 

moderately rapid 

permeability in the 
Bh horizon 

0 1 

Nittaw Fine, smectitic, 
hyperthermic Typic 

Argiaquolls 

Mollisol Very poorly 
drained 

Permeability is 
rapid in the Oa and 

A horizon and slow 

in the B2tg horizon 

7 7.5 

Ona fine sand Sandy, siliceous, 

hyperthermic Typic 
Alaquods 

Spodosol Poorly drained Permeability of the 

Bh horizon is 
moderate 

0   

Ona  Sandy, siliceous, 

hyperthermic Typic 

Alaquods 

Spodosol Poorly drained Permeability of the 

Bh horizon is 

moderate 

0 14 

Paisley  Fine, smectitic, 
hyperthermic Typic 

Albaqualfs 

Alfisol Poorly drained Slow permeability 0   

Pineda sand Loamy, siliceous, 

active, hyperthermic 

Arenic Glossaqualfs 

Alfisol Poorly or very 

poorly drained 

Very slow 

permeability 

0   

Pinellas Loamy, siliceous, 
superactive, 

hyperthermic Arenic 

Endoqualfs 

Alfisol Poorly drained Moderately rapid to 
rapid permeability 

0   

Placid sand Sandy, siliceous, 
hyperthermic Typic 

Humaquepts 

Inceptisol Very poorly 
drained 

Rapid permeability 0   

Pomello Sandy, siliceous, 

hyperthermic 

Oxyaquic Alorthods 

Spodosol Moderately well 

and somewhat 

poorly drained 

Moderately rapid 

permeability  

0   



 

Pomona sand Sandy, siliceous, 

hyperthermic Ultic 

Alaquods 

Spodosol Poorly or very 

poorly drained 

Rapid to moderate 

permeability in the 

A and E horizons 

and moderately 

slow to moderate 
permeability in the 

Bt and Btg 

horizons 

0   

Pomona  Sandy, siliceous, 

hyperthermic Ultic 

Alaquods 

Spodosol Poorly or very 

poorly drained 

Rapid to moderate 

permeability in the 

A and E horizons 
and moderately 

slow to moderate 

permeability in the 
Bt and Btg 

horizons 

0 1 

Pompano fine sand Siliceous, 
hyperthermic Typic 

Psammaquents 

Entisol Very poorly 
drained 

Rapid or very rapid 
permeability 

0 7 

Pompano  Siliceous, 

hyperthermic Typic 

Psammaquents 

Entisol Very poorly 

drained 

Rapid or very rapid 

permeability 

0 2.33 

Riviera sand Loamy, siliceous, 
active, hyperthermic 

Arenic Glossaqualfs 

Alfisol Poorly and very 
poorly drained 

Very slow 
permeability 

0 5 

Riviera Loamy, siliceous, 
active, hyperthermic 

Arenic Glossaqualfs 

Alfisol Poorly and very 
poorly drained 

Very slow 
permeability 

0 5 

St. Johns sand Sandy, siliceous, 

hyperthermic Typic 
Alaquods 

Spodosol Poorly or very 

poorly drained 

Moderate 

permeability 

0 2 

Samsula muck Sandy or sandy-

skeletal, siliceous, 

dysic, hyperthermic 
Terric Haplosaprists 

Histosol Very poorly 

drained 

Permeability is 

rapid 

36 26.83 

Sanibel muck Sandy, siliceous, 

hyperthermic Histic 
Humaquepts 

Inceptisol Very poorly 

drained 

Permeability is 

rapid 

9 10.44 

Sanibel sand Sandy, siliceous, 
hyperthermic Histic 

Humaquepts 

Inceptisol Very poorly 
drained 

Permeability is 
rapid 

9 4.66 

Sanibel  Sandy, siliceous, 

hyperthermic Histic 
Humaquepts 

Inceptisol Very poorly 

drained 

Permeability is 

rapid 

9 10.4 



 

Scoggin sand Loamy, siliceous, 

subactive, 

hyperthermic Arenic 

Endoaquults 

Ultisol Very poorly 

drained 

Permeability is 

rapid in the A 

horizons and 

moderate in the Bt 

horizon 

0-4 4 

Scoggin  Loamy, siliceous, 

subactive, 
hyperthermic Arenic 

Endoaquults 

Ultisol Very poorly 

drained 

Permeability is 

rapid in the A 
horizons and 

moderate in the Bt 

horizon 

0-4   

St. Lucie Hyperthermic 
uncoated Typic 

Quartzipsamments 

Entisols Excessively drained Very rapid 
permeability 

0   

Tequesta muck Coarse-loamy, 

siliceous, active, 

hyperthermic Histic 
Glossaqualfs 

Alfisol Very poorly 

drained 

Rapid permeability 

in the A and E 

horizons and 
moderately slow 

permeability in the 

Btg horizons. 

12 19.31 

Tequesta  Coarse-loamy, 

siliceous, active, 
hyperthermic Histic 

Glossaqualfs 

Alfisol Very poorly 

drained 

Rapid permeability 

in the A and E 
horizons and 

moderately slow 

permeability in the 
Btg horizons. 

12 10 

Terra Ceia muck Euic, hyperthermic 
Typic Haplosaprists 

Histosol Very poorly 
drained 

Permeability are 
rapid 

65 46.12 

Terra Ceia  Euic, hyperthermic 

Typic Haplosaprists 

Histosol Very poorly 

drained 

Permeability are 

rapid 

65 54.04 

Tisonia Clayey smectitic 

euic thermic terric 
sulfihemists 

Histosol Very poorly 

drained 

slow 18 

  

Tomoka muck Loamy, siliceous, 

dysic, hyperthermic 
Terric Haplosaprists 

Histosol Very poorly 

drained 

Moderately 

permeable 

27 11.66 

Tuscawilla fine sand Fine-loamy, 
siliceous, 

superactive, 
hyperthermic Typic 

Endoaqualfs 

Alfisol Very poorly 
drained 

Moderate 
permeability 

0   

Tuscawilla  Fine-loamy, 

siliceous, 

superactive, 
hyperthermic Typic 

Endoaqualfs 

Alfisol Very poorly 

drained 

Moderate 

permeability 

0 3.75 

Valkaria Siliceous, 

hyperthermic Spodic 
Psammaquents 

Entisol Poorly or very 

poorly drained 

Rapid permeability 0   



 

Wabasso fine sand Sandy over loamy, 

siliceous, active, 

hyperthermic Alfic 

Alaquods 

Spodosol Poorly and very 

poorly drained 

Rapidly permeable 

in the A and E 

horizons and 

slowly to very 

slowly permeable 
in the Bh and Bt 

horizons 

0   

Wabasso  Sandy over loamy, 
siliceous, active, 

hyperthermic Alfic 

Alaquods 

Spodosol Poorly and very 
poorly drained 

Rapidly permeable 
in the A and E 

horizons and 

slowly to very 
slowly permeable 

in the Bh and Bt 

horizons 

0 1.7 

Winder loamy sand Fine-loamy, 

siliceous, 

superactive, 
hyperthermic Typic 

Glossaqualfs 

Alfisol Poorly drained Slow to very slow 

permeability 

0 2 

 

 

Table 4.  Springs Contributing to Flow in The St. Johns River  

Spring County 

Mean 

CFS Initial Segment Springs Flows Into 

Pottsburg Creek Spring Duval 1.29 1 

Segment Total       

W.W. Gay Spring Clay 0.14 2 

Wadesboro Spring Clay 0.98 2 

Segment Total   1.12   

Apopka Spring Lake 30.6 3 

Blue Spring - Marion Marion 7.8 3 

Blue Spring Yal Pool Lake 2.75 3 

Boulware Spring Alachua 0.3 3 

Bugg Spring Run Lake 11.5 3 

Catfish Springs Marion 7.8 3 

Double Run Spring Lake 2.93 3 

Glen Springs Alachua 0.31 3 

Green Cove Spring Clay 3.05 3 

Guordneck Spring Lake 48.2 3 

Holiday Springs Dstm Lake 3.35 3 

Lake Lowry Seep East Clay 2.82 3 

Magnesia Spring Alachua 0.79 3 

Mooring Cove Springs Lake 0.53 3 

Nashua Spring Putnam 0.12 3 

Orange Spring Marion 2.69 3 

Sandys Spring Lake 0.13 3 

Satsuma Spring Putnam 1.11 3 

Silver Springs Marion 761 3 



 

Sun Eden Spring Lake 0.23 3 

Welaka Spring Putnam 7.91 3 

Whitewater Springs Putnam 1.41 3 

Segment Total   897.33   

Beecher Springs Putnam 9.13 4 

Croaker Hole Spring Putnam 76.2 4 

Fern Hammock Springs Marion 12.5 4 

Forest Springs Putnam 0.29 4 

Juniper Springs Marion 10.6 4 

Morman Branch Springs Marion 7.41 4 

Mud Spring Putnam 1.16 4 

Salt Springs Marion 80.9 4 

Silver Glen Springs Marion 104 4 

Sweetwater Springs Marion 12.9 4 

Segment Total   315.09v   

Alexander Springs Lake 104 5 

Barrel Spring Orange 0.25 5 

Blackwater Springs Lake 1.4 5 

Blue Algae Boil Lake 0.14 5 

Blue Spring - Volusia Volusia 157 5 

Blueberry Spring Lake 0.07 5 

Boulder Springs Lake 0.19 5 

Camp La No Che Spring Lake 0.7 5 

Cedar Springs Lake 0.03 5 

Droty Spring Lake 0.62 5 

Ginger Ale Springs Seminole 0.11 5 

Green Algae Boil Lake 0.14 5 

Island Spring Seminole 7.83 5 

Markee Spring Lake 0.25 5 

Messant Spring Lake 14.7 5 

Miami Springs Seminole 5.05 5 

Moccasin Springs Lake 0.29 5 

Mosquito Springs Run Lake 1.59 5 

Nova Spring Seminole 8.52 5 

Palm Springs - Lake Lake 0.63 5 

Palm Springs - Seminole Seminole 6.88 5 

Pegasus Spring Seminole 2.8 5 

Ponce de Leon Springs Volusia 27.6 5 

Rock Springs Orange 57.9 5 

Sanlando Springs Seminole 19.6 5 

Seminole Springs - Lake Lake 32.5 5 



 

 

 

 

  

   

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.  Contribution of Springs to Flow in the St. Johns River 

Segment 

Ann Ave CFS (all 

HDS sites in 

segment) 

Springs CFS 

(accumulative) 

Spring CFS as % of 

Total Mean Segment 

Flow HDS Sites in Segment 

1 7943 1766.63 22.24 08801996 

2 7943 1765.34 22.23 08801996 

3  - 1764.22  - 08242749?? 

4 5171 866.89 16.76 

70367036 (SJR at Buffalo 

Bluff) 

5 3420 551.8 16.13 70167016, 14567018 

6 1692 13.93 0.82 70217021 

7 1171.5 0 0.00 70207020, 11807019 

8 692 0 0.00 

01600751, 00620300, 

70177017 

9  - 0  - 

00550230, 00960391, 

00540103 

 

 

 

 

 

 

 

 

 

 

 

Sharks Tooth Spring Lake 0.15 5 

Snail Springs Lake 0.09 5 

Starbuck Spring Seminole 14.3 5 

Sulphur Spring Orange 0.74 5 

Wekiwa Springs Orange 67.1 5 

Witherington Spring Orange 4.7 5 

Segment Total   537.87   

Clifton Springs Seminole 1.44 6 

 Gemini Springs Volusia 10 6 

Green Springs Volusia 1.4 6 

Lake Jessup Spring Seminole 1.04 6 

Seminole Spring Volusia 0.05 6 

Segment Total   13.93   



 

Table 5.  Conversion of Constraint Wetland Types (SJRWMD and CH2MHill, 1998) to District 

Wetland Map Types  

SJRWMD Wetland 

Veg. 

SJRWMD 

Landuse/cover 2004 

Constraints 

Wetlands 

Feet of 

Drawdown 

Cypress (CY) 6210 Cypress Cypress Swamp 0.55 

Hardwood swamp 6170 Mixed wetland 

hardwoods 

River/Lake 

Swamp / Mixed 

Forest 

0.35 

Bayhead (BH) 6110 Bay swamps Bay Swamp 0.35 

Baygall (BG)/ 6110 Bay swamps Bay Swamp 0.35 

Hydric hammock 

(HH) 

6170 Mixed wetland 

hardwoods / 6181 

Cabbage Palm Hammock 

Mixed Forest 0.35 

Bottomland 

hardwoods (BL) 

6170 Mixed wetland 

hardwoods 

River/Lake 

Swamp / Mixed 

Forest 

0.35 

Forested depressions 

(FD) 

6170 Mixed wetland 

hardwoods / Cabbage 

palm savannah / Pond 

pine / Hydric pine 

flatwoods   

Mixed Forest 0.35 

Shrub swamp (SS) 6460 Mixed scrub-shrub Mixed Scrub-

Shrub 

0.75 

Shrub bog(SB) 6460 Mixed scrub-shrub Bay Swamp 0.35 

Shrub gall (SG) 6460 Mixed scrub-shrub Bay Swamp 0.35 

Transitional scrub 

(TS) 

6460 Mixed scrub-shrub Mixed Scrub-

Shrub 

0.75 

Deep Marsh (DM) 6440 Emergent aquatic 

vegetation 

Emergent Aquatic 

Vegetation 

0.85 

Shallow Marsh (SM) 6410 Freshwater marshes Freshwater Marsh  0.55 

Wet Prairie (WP) 6430 Wet prairies Wet Prairie 0.35 

Floating Marshes 

(FF) 

6440 Emergent aquatic 

vegetation 

Emergent Aquatic 

Vegetation 

0.85 

Submerged Aquatic 

Beds (AB) 

 Submergent 

Aquatic 

1.20 

Freshwater flats and 

Barren Areas (BA) 

6500 non-vegetated 

wetland 

Non-Vegetated 

Wetland 

1.20 

Saline Wetlands (all 

kinds) 

6420 Saltwater marshes / 

6120 Mangrove Swamp 

Saltwater marsh Not used 

 

 

 

 



 

Table 6.  Minimum Flows and Levels Determinations 

Name MFH ft NGVD MA MFL MIL 

Blue Cypress 

Water 

Management 

Area 

 24 

At or above this 

level at least 

75% of time 

over the long 

term 

23 

Not at or below 

this level more 

often than once 

every 2.5 years 

over the long 

term 

22.5 

Not at or below 

this level for 60 

continuous 

days more 

frequently than 

once every 10 

years over the 

long term 

Lake 

Washington 

(Hall and Borah 

1998) (RM 

258.8) 

15.6 14.2 12.8  

SJR 1.5 miles 

downstream of 

L. Washington 

weir (river mile 

253.1) (Hall and 

Borah 1998) 

15.3 12.7 11.3  

Lake Poinsett 

(Mace 2007, 

preliminary) 

13.7 

Duration 30 

days 

Return interval 

2 years 

11.3 

Duration 180 

days 

Return interval 

1.5 years 

9.9 

Duration 120 

days 

Return interval 

5 years 

 

St. Johns River 

at SR 50 (Mace 

2007) 

8.1 

Duration 30 

days 

Return interval 

2 years 

5.9 

Duration 180 

days 

Return interval 

1.5 years 

4.2  

Duration 120 

days 

Return interval 

5 years 

2.7 

Duration 60 

days 

Return interval 

50 years 

St. Johns River 

at Lake Monroe 

(Mace 2007) 

2.8 

Duration 30 

days 

Return interval 

2 years 

1.2 

Duration 180 

days 

Return interval 

1.5 years 

0.5  

Duration 120 

days 

Return interval 

5 years 

 

SJR at SR 44 

near DeLand 

(Mace 2006) 

1.9 

Duration ≥ 30 

days 

Return interval 

≤3years 

0.8 

Duration ≤180 

days 

≥1.5 years  

0.3 

≤120 days 

≥5 years 

 

     

     

  

   



 

 

Table 7.  MFL Transects 

Name Wetland 

Transects 

Transect Names Reference Gage 

location 

Lake Poinsett 

(preliminary) 

4 Buzzard’s Roost, I-95, County 

Line, Mulberry Mound 

USGS Station 

02232400, St. J. River 

near Cocoa at SR 520 

Bridge; River mile 

232 (Jan. 1942) 

    

St. Johns River at SR 

50 

7 TOSO-528, Great Outdoors, 

Tosohatchee North, M-6, Lake 

Cone, H-1, Ruth Lake 

USGS Station 

02232500, at SR 50 

near Christmas  

    

St. Johns River at 

Lake Monroe 

7 Transects 1 through 7 USGS Station 

02234500; U.S. 

Highway 17/92 

bridge, west lakeshore 

River mile 161 

    

SJR at SR 44 near 

DeLand 

8 Pine Island, N. Emanuel Bend - 1, 

N. Emanuel Bend - 2, Lower 

Wekiva River, Tick Island, N. 

Shore Lake Woodruff, Dexter 

Point East; Dexter Point South 

USGS Station 

2236000, St. Johns 

River near Deland, 

River mile 144 
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Area (km2) 

Wetlands 
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Shoreline 

length 

(km) 

Shoreline 

Index 

Stage Salinity 

1 1056 39.6 180.7 45 1290.03 High (.015) Very low Low 

2 779 25.4 152.6 14.3 267.95 Very low 

(.002) 

Very low Moderate 

3 5370 98.2 579.5 41.4 763.49 Very 

low(.003) 

Low Low- 

moderate 

4 1061 41.2 294.9 27.5 312.68 Very low 

(.002) 

Low Low 

5 1568 49.4 217.0 81.7 516.01 High (.014) Moderate Low? 

6 1627 56.3 198.1 41.2 623.35 Low(.006) Low-

moderate 

Low 

7 2004 68 188.9 86.7 740.61 Very high 

(.027) 

Moderate 

- high 

Moderate 

8 1705 64.8 307.7 75.3 631.72 High (.013) Moderate 

- high 

Low 

9 1411 33.4 246.2 76.6 206.84 Low (.007) None None 
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Chapter VI. B.  WETLAND-DEPENDENT SPECIES 

Donna Curtis, Environmental Scientist 
Division of Environmental Sciences, St. Johns River Water Management District 

 

Introduction 

General 

The purpose of this report is to discuss the results of a literature review that focuses on the 

hydrologic requirements of a few wetland-dependent species that occur in the St. Johns River 

(SJR) floodplain.  From the literature search, four species were identified as potential hydrologic 

indicators for the Alternative Water Supply (AWS) project. The indicators include two indigenous 

wading birds species -- the wood stork (Mycteria americana) and the white ibis (Eudocimus 

albus).  The two remaining species include one raptor, the snail kite (Rostrhamus sociabilis), 

and one crane relative, the limpkin (Aramus guarauna).  These species are sensitive to 

hydrologic changes. 

All indicators have conservation status.  The wood stork and the snail kite are federally 

endangered species (FFWCC 2005). The Endangered Species Act of 1973 (16 U.S.C. 1531 et. 

seq.) prohibits the take of threatened or endangered species except where authorized.  The 

white ibis and limpkin have Florida status as species of special concern (FFWCC 2005). 

Future reports could include information on the hydrologic requirements of additional listed 

species. For example, the lower and middle reaches of the SJR are home to an uncommon 

aquatic mammal, the West Indian Manatee (Trichechus manatus). This endangered species 

has received attention from water supply managers in terms of its hydrologic requirements 

(Sucsy et al. 1998; Wetland Solutions, Inc. 2004, 2007; Worthy 2005). A literature review for this 

species would be beneficial.  In addition, the literature contains hydrologic notes on the small 

herons, which are only mentioned briefly in this report.  Several of these species have 

conservation status. Other groups have hydrologic requirements. These include, but are not 

limited to, shorebirds, waterfowl, and small prey fish assemblages. 

Study Area 

The physical extent of the SJR floodplain follows a distance of approximately 476.2-km 

(approximately 300-mi). The river generally flows northward from its headwaters in Indian River 

County in south-central Florida (Latitude 270 33” 37.17” N, Longitude 800 41’ 52.12” W (-)) to the 

Atlantic Ocean in Duval County (Latitude 300 24’ 03.24” N, Longitude 810 23’ 28.99” W (-)).  

Through its upper, middle, and lower seaward reaches, the river’s biota reflect a dynamic and 

diverse ecosystem (see Wetlands Chapter, Vol. II). Its physical location gives the SJR important 

linkages to other large ecosystems such as the Everglades in south Florida, the estuarine 

systems of the Florida Atlantic coastline, the extensive coastal marshes of northeast Florida and 

the Georgia Sea Islands, and the maritime habitats of the western Atlantic. 
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The indicator species used in this report have varying ranges.  The two wading bird indicators, 

the wood stork and white ibis, occur in the estuarine and freshwater reaches of the SJR, and its 

tributary, the Ocklawaha River. The snail kite has a recent range that includes south Florida 

marshes and the headwater marshes of the SJR.  The limpkin occurs in most freshwater 

reaches of the SJR and the Ocklawaha River.   

Management Considerations 

The persistence of indigenous wetland-dependent fauna should be a criterion for the District as 

it measures the success of its water supply methods and ensures the prevention of significant 

adverse effects. Managers must consider the effects that water levels have on area to volume 

ratios where wetlands have low topographic relief (Kahl 1964; Comsikey et al. 1998) such as 

found in many areas of the SJR floodplain.  Loss of wetland spatial extent caused by regulated 

long-term water levels can affect the primary and secondary productivity of a wetland system 

(David 1994; Loftus and Eklund 1994; Comiskey et al. 1998; Mooij et al. 2007).   

Methods 

The project consisted of a literature review and the creation of an on-going literature database 

located at H:\Endnote\AWS\Wetlands\SPECIES\SPP_LIT.enl (Appendix A).  The literature was 

reviewed for content related to hydrological effects on biota.  Keywords included common and 

scientific names, wetland types, and hydrologic terms.  Available abstracts and research notes 

were included along with pdf files and / or URL web pages.  To save time and to maintain the 

focus of the review, an inventory list of species for the SJR was not prepared.  Names of 

species and associated habitats can be found in the literature (Brody 1994; Florida Natural 

Areas Inventory 2001; FFWCC 2005). 

Results 

Indicator Species 

The literature database consists of a number of papers related to the hydrologic requirements or 

responses of wood storks, white ibis, and snail kites.  A few papers describe the habitat 

requirements of limpkins. The four bird species occur in emergent wetlands that are 

interspersed by open water.  Sufficient food is required for metabolic and reproductive 

requirements.  Adequate vegetative substrates and water depths are necessary for roosting and 

nesting. 

Wood storks, white ibis, snail kites, and limpkins are presented here as indicators of wetland 

productivity and hydropattern.  Because these species depend on lower trophic levels for their 

food (e.g., fish and invertebrates), they serve as coarse indicators of wetland productivity.   As 

avian predators, the indicator species can thrive and reproduce when hydrologic conditions 

support  prey species, and concentrate prey numbers.  In addition, beneficial hydropatterns 

support the growth of prey species into suitable size classes. Nomadic behavior or population 

shifts occur for each of the indicators when hydrologic conditions adversely affect the forage 

base.  
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Phase I indicators: 

Wood Stork (Mycteria americana) – Endangered 

White Ibis (Eudocimus albus) -- Species of Special Concern 

Snail Kite (Rostrhamus sociabilis) -- Endangered 

Limpkin (Aramus guarauna -- Species of Special Concern 

Limitations occur related to the use of these four indicators for biological evaluations associated 

with the AWS project.  First, while the indicator avifauna may represent hydrologic conditions in 

emergent wetlands, they may not be good indicators for the forested wetlands of the SJR.  

Recommendation of wetland-dependent indicators for these habitats could be tasked for the 

Phase II report.  Secondly, the distribution of these species along the SJR is not uniform (see 

Wetlands Chapter, Vol. II). 

For Phase II, an evaluation using a multispecies approach may be desirable using examples 

such as the habitat suitability indices described by Tarboton et al. (2004).  Other species such 

as the manatee, which forages on SAV and emergent vegetation, may receive treatment in this 

phase along with indicator vegetation or community types. 

Common hydrologic requirements 

Although taxonomically different, these indicator species share some general requirements 

where hydrology is a forcing function for food and cover. In terms of habitat structure, these 

birds need long-term hydrological regimes that vary over a wide scale so that wetland mosaics 

have ample water-depth variability for foraging, and enough vertical structure among vegetative 

cover types to provide suitable nest supports (Kahl 1964; Fleming et al. 1994; Frederick et al. 

1996; Mooij et al. 2007). Pulsed hydrologic conditions of wet and dry cycles require sufficient 

depth, duration, frequency, and seasonality over multiple years to promote successful nesting.  

Hydrologic regimes must support prey production and recruitment (Kahl 1964; Smith et al. 1995; 

Frederick et al. 1996).  Hydrologic variables affect forage quality; i.e., species composition, 

density, size, and availability (Bancroft et al. 2002; Beissinger and Snyder 2002; Gawlik 2002).   

Successful nest locations require seasonal water depths that exclude mammalian predators 

(e.g., raccoons) (Frederick and Collopy 1989).  Nest locations must be in proximate distances to 

foraging sites so that adult birds can meet their own metabolic requirements as well as their 

energy expenditures for nesting and fledgling success (Kahl 1964). 

Habitat destruction and hydrologic changes that are detrimental to the primary and secondary 

productivity of freshwater ecosystems have led to the declines of these indicator avifauna, and 

their subsequent listings for protection and conservation (Fleming et al. 1994; Frederick and 

Ogden 2001).  Wading birds, such as wood storks, generally eat fish, invertebrates and 

amphibians.  In his study on wood storks, which are mostly piscivorous, Kahl (1964) makes the 

case for not only a pulsed hydrologic regime related to season (i.e., hydropattern), but also for 

total wetted area, which has a marked influence on fish productivity. Hydropatterns affect white 

ibis, which are mostly dependent on invertebrates, especially crayfish (Procambarus spp.), and 
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small forage fish (Kushlan 1979a; Kushlan 1979b).  Hydrologic regimes affect snail kites and 

limpkins, which are dependent on apple snails (Pomacea paludosa) (Snyder and Snyder 1969; 

Kushlan 1975; Turner 1994 and others).  

Wood Storks and White Ibis 

Wading birds, including wood storks and white ibis, have been used as hydrologic indicators for 

Everglades restoration monitoring and modeling projects (e.g., Browder 1978; Fleming et al. 

1994; Curnutt et al. 2000; Frederick and Ogden 2003; Gross 2003; Gawlik et al. 2004). 

Researchers generally acknowledge that wood storks and white ibis have particular hydrologic 

requirements. Tables 1 and 2 list water depths that could serve as hydrologic criteria for these 

two indicators. 

Suitable hydrologic regimes for these species support a heterogeneous wetland mosaic of wet 

prairies, marshes, and sloughs where there are conditions for foraging as well as nesting 

(Kushlan 1976a; Powell 1987; Fleming et al. 1994).  Wood storks and white ibis have general 

adaptive strategies for foraging and reproduction in these wetland landscapes.  Strategies for 

survival are affected by seasonal water depths and, particularly for wood storks, recession rates 

(Kahl 1964; Sklar et al. 2001; Bancroft et al. 2002 and others). 

The literature provides a range of water depths typical for foraging by wading birds.  These are 

summarized by Curnutt et al. (2000), who used a range of about 5 to 35-cm (0.2 to 1.1-ft) for 

their Everglades landscape-based species index model.  This range is slightly different from 

Gross (2003), who used a lower limit of 1-cm (0.03-ft). 

The depth range of Curnutt et al. (2000) can be divided by wading bird species.  Water depth 

intervals are described here to compare wood stork and white ibis requirements with those of 

other waders. The upper-limit depths are related to the large indigenous waders (i.e., great 

egrets (Casmerodius albus) and great blue herons (Aredea herodius)), which can forage in 

water depths of 25-cm (0.8-ft) and deeper (Bancroft 1989).  The upper limits of forage depths for 

wood storks may exceed 25-cm (Ogden 1990), but generally they need shallower water and 

receding levels that concentrate prey in depths of about 15 to 30-cm (0.5 to 1.0-ft) (Kushlan et 

al. 1975; Gonzalez 1997).  White ibis can wade in water up to 17-cm (0.6-ft) deep, but their 

foraging efficiency goes down when the water becomes deeper than 10-cm (0.3-ft) because 

they must submerge their heads (Kushlan 1976b; Powell 1987; Bancroft 1989).  In his study on 

the food habits of white ibis, Kushlan (1979b) estimated typical foraging depths of 5 to 10-cm 

(0.2 to 0.3-ft) (Figure 2).  Small herons (e.g., snowy egrets (Egretta thula), little blue herons 

(Egretta caerulea), tricolored herons (Egretta tricolor)) have overlapping forage depths with 

white ibis; i.e., depths below 15-cm (0.5-ft) (Jenni 1969; Kushlan 1976b; Custer and Osborn 

1978; Powell 1987; Bancroft 1989). 

Gawlik et al. (2004) summarized a seasonal (November to April) suitability index range of 

average weekly water depths.  They reported a suitability index range from -9.1-cm (-0.3-ft.) 

below marsh surface to 24.4-cm (0.8-ft) above marsh surface applicable to wood storks and 

white ibis (including snowy egrets).  They also included a recession rate not greater than 18.3-

cm (-0.6-ft.) per week (Gawlik et al. 2004). 
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Hydropatterns affect biomass production and availability (Kahl 1964; Fleming et al. 1994).  

Wetland productivity from the previous year(s) plays a cumulative role in forage size and 

densities necessary for successful reproduction and fledging.  Beneficial hydropatterns grow 

forage species in the summer and concentrate them in the winter and spring for about three to 

four months (Kahl 1964; Browder 1978; Kushlan 1980; Bancroft et al. 1994; Jordan et al. 1998; 

Gawlik 2002). Seasonal water level fluctuations largely determine fish community composition 

(Loftus and Eklund 1994; Gawlik 2002) and fish predator to forage prey ratios (Kushlan 1976a).   

Gawlik et al. (2004) observed an optimum fish size of about 2-cm (0.8-in) for waders foraging in 

drying ponds. Ogden (1990), in his work on wood storks, reported a fish size range of 2.5 to 20-

cm (1 to 8-in.).  Kushlan (1979b; 1980), in his work on white ibis, also reported a mean size of 

about 2-cm for fish (n = 341), and 2.2-cm (0.9-in) (n = 62) for crustaceans. White ibis are known 

for prey-switching. They will substitute crayfish for freshwater forage fish during dry conditions 

when these organisms are available in high densities (Kushlan 1979b; 1980; Bancroft and 

Sawicki 1992).  Small prey fish species likely encountered by SJR wading birds may include, 

but are not limited to, least killifish (Heterandria formosa), mosquitofish (Gambusia halbrooki), 

Everglades pygmy sunfish (Elassoma evergladei), golden topminnow (Fundulus chrysotus), 

bluefin killifish (Lucania goodei), and sailfin molly (Poecilia latipinna) (Jordan et al. 1998). 

Loftus and Eklund (1994) and DeAngelis et al. (1997) looked at the timing, extent, and duration 

of dry-downs in pulsed hydroperiod wetlands.  Loftus and Eklund (1994) reported lower detrital 

production where repeated dry-downs occurred in successive years.  Lower productivity 

depresses large and small fish biomass and densities, and results in subsequent degradation of 

foraging conditions for wading birds.  Frederick and Ogden (2001), on the other hand, observed 

marked nesting responses to flooded marshes following severe infrequent droughts.  They 

concluded that “supranormal” nesting events were a response to nutrient releases that greatly 

increased marsh productivity.  

The literature commonly recognizes a hydrologic duality for wood storks, white ibis, and other 

wading birds with regard to foraging and nesting.  As previously mentioned, fish densities 

typically have a seasonal inverse relationship to marsh water levels, and are ideally 

concentrated during the nesting season (Figure 1; Kahl 1964). Nests, however, need to be 

located over water deep enough to exclude predators (Frederick and Collopy 1989).  Ogden 

(1990) reported water depths between 90-cm and 150-cm (3 to 5-ft.) in successful wood stork 

colonies and stated that even traditional nesting sites were abandoned if sufficient water depths 

were not present during the breeding cycle. 

If prevailing hydropatterns do not produce sufficient prey biomass within energetically efficient 

distances, then wood storks will not initiate nesting, or will abandon nests and young.  Kahl 

(1964) estimated that from November to April, a wood stork pair, with 2.25 young (averaged for 

a colony) reared to the fledgling stage, needs 201-kg (443 pounds) of live fish. He estimated a 

foraging distance of up to 32-km (20-mi) from the colony, while Ogden (1990) estimated over 

three times that distance.  Ogden (1990), however, limited adult absence to less than 20 

minutes; otherwise sun exposure and predators caused egg and chick mortality.  Ogden (1990) 
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reported 50 to 200 possible feeding locations used during the breeding season, which points to 

the necessity of wetland mosaics with varying water levels.  

White ibis are mostly dependent on crustaceans, especially freshwater crayfish in the genus 

Procambarus (Kushlan 1979a; Kushlan 1979b; Kushlan 1980; Hingtgen et al. 1985; Kushlan 

1986; Bildstein et al. 1990).  Franz and Franz (1990) described Procambarus alleni for the SJR 

floodplain.  This species is sensitive to water depths and needs dense cover in wet prairies, its 

preferred habitat (Jordan et al. 1996; Acosta and Perry 2000).  Long-term drying of wet prairies 

causes P. alleni populations to crash (Acosta and Perry 2000), which can be detrimental to 

higher trophic levels including wading birds.  

Work by Acosta and Perry (2000) along with Hendrix and Loftus (2000) created a minimal 

hydroperiod range of 7 to 9 months for P. alleni.  To prevent mortality of P. alleni individuals, 

Acosta and Perry (2000) also recommended a dry season level not lower than 50-cm (1.6-ft) 

below the wetland surface. Kushlan (1986), in his observations on white ibis, noted that crayfish 

densities were highest where marshes had water depths of about 25-cm (0.8-ft) above the 

wetland surface. Jordan et al. (1996), who studied this species in the upper SJR marsh mosaic, 

collected egg-bearing P. alleni females only from wet prairie habitats, which had higher biomass 

and mean densities compared to the slough communities in their study area.  

White ibis nesting in esturarine locations depend on crayfish availability in freshwater wetlands 

(Bildstein et al. 1990).  In a laboratory experiment, Johnston and Bildstein (1990) found that the 

high salt content of estuarine crustaceans causes chick mortality. White ibis inhabiting coastal 

wetlands fly inland to capture freshwater crayfish (Procambarus spp.), then return to their 

colonies to feed nestlings (Bildstein et al. 1990). Hoffman (1996) and Bancroft et al. (1994) 

estimated that white ibis can forage up to 10-km (6.2-mi) from their nest sites. 

Table 1.  Foraging depths for wood storks and white ibis. 

Species 

Foraging 

Depths 

(cm) 

Foraging 

Depths (ft) 
Primary Prey Sources 

Wood Stork 
(Mycteria 

americana) 

15 - 30 0.5 – 1.0 small fish 

Kushlan et al. 

(1975),  Gonzalez 

(1997) 

White Ibis 
(Eudocimus 

albus) 

5 - 10 0.2 – 0.3 
crustaceans 

small fish 

Hingtgen et al. 

(1985), Kushlan 

(1986) 
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Table 2.  Water depths for forage types important to wood storks and white ibis. 

Prey Type 
Depths 

(cm) 
Depths (ft) Sources 

Forage fish < 30 < 1.0 
Kushlan et al. (1975) 

Crayfish 

(Procambarus 

alleni) 

   25   0.8 
Kushlan (1979) Kushlan (1986) 

 

Snail Kites and Limpkins 

Snail kites (Rostrhamus sociabilis) and limpkins (Aramus guarauna) are included as indicator 

species because they share a dependency on apple snails (Pomacea paludosa), a species of 

aquatic mollusk that is sensitive to water levels (see Benthic Invertebrate Chapter, Vol. II).  Both 

bird species have bills that are adapted for snail predation. The snail kite’s diet is generally P. 

paludosa exclusively (Snyder and Snyder 1969; Sykes et al. 1995), and the limpkin’s diet is over 

70% P. paludosa (Bryan 2002). Range distributions described by Bryan (1996) and Bennetts et 

al. (1998) state that these species were historically more common across the Florida peninsula 

than today. 

Stevenson and Anderson (1994) reported that the historic snail kite range extended from south 

to north Florida, but only 9% of its former range is presently used.  James Rodgers, Jr. (FFWCC 

2003a) named the upper SJR marshes in Indian River County as inclusive to the snail kites’ 

nesting range in the late 1980s. Other sources generally agree that the current range includes 

the freshwater marshes of south and central Florida, and the upper St. Johns River watershed 

(Beissinger and Takekawa 1983; Bennetts et al. 1996; Bennetts and Kitchens 1997; USFWS 

1999).  Sightings have occurred at Lake Jesup in 1993 (Stevenson and Anderson 1994), and at 

the Lake Woodruff National Wildlife in the early 1980s when a major drought occurred in south 

Florida (Beissinger and Takekawa 1983). 

The limpkin, a heron-sized wading bird in the Order Gruiformes, was once common in 

freshwater wetlands of the SJR, Wekiva, and the Ocklawaha rivers (Stevenson and Anderson 

1994).  Hunting and wetland alteration caused drastic declines in the late 19th and early 20th 

centuries (Bryan 1996; FFWCC 2003b).  By the 1920s, Nicholson (1928) described the limpkin 

as uncommon in the SJR and Ocklawaha floodplains. Like the snail kite, the limpkin is 

dependent on freshwater wetlands, including sawgrass and broadleaf marshes that have an 

abundance of apple snails (Bryan 1996; Toth et al. 1998; Turner 1994; FFWCC 2003b). The 

limpkin exhibits considerable variation in the choice of nest substrates and associated water 

depth (Bryan 2002). Unlike the snail kite, the limpkin has not received a lot of attention from 

researchers, perhaps because of its lower conservation status.  However, the literature 

indicates that the limpkin’s habitat and hydrologic requirements are very similar to those of the 

snail kite.  For these reasons, the endangered raptor and the apple snail will be the focus of the 
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subsequent review.  The water depths listed in Table 3 are important to snail kites and apple 

snails, and may serve as hydrologic criteria for the AWS project.  By inference, the water 

depths, which are necessary for viable apple snail populations, are also applicable to limpkins. 

The snail kite can exhibit drastic population fluctuations depending on droughts and water 

management schedules that affect apple snail populations (Beissinger and Takekawa 1983; 

Beissinger 1997; Darby et al. 1997; Comiskey et al. 1998; Kitchens et al. 2001; Beissinger and 

Snyder 2002; Martin et al. 2007; Mooij et al. 2007; and others). The U. S. Fish and Wildlife 

Service (USFWS 1999) stated that “the combination of a range restricted to the watersheds of 

the Everglades, lakes Okeechobee and Kissimmee, and the upper St. Johns River, with a highly 

specific diet composed almost entirely of apple snails …, makes the snail kite's survival directly 

dependent on the hydrology and water quality of these watersheds.”  These birds will desert 

wetlands or die when snails are depleted or exterminated by drought or flooding (Hanning 1978; 

Beissinger 1997). The statewide snail kite population consists of less than 2,000 birds, a decline 

from 3,000 birds estimated in the late 1990s (USFWS 1999; Dreitz et al. 2001; USFWS 2006; 

Mooij et al. 2007).  Welsh and Kitchens (2002) and Martin et al. (2006) reported reductions in 

snail kite numbers for the SJR’s Blue Cypress Marsh. The U. S. Fish and Wildlife Service 

(USFWS 2006) concluded that adverse hydrologic impacts suppress snail kite numbers, and 

that the continuation of low nesting and high mortality rates cannot support the persistence of 

this species. 

During droughts, snail kites adapt by emigrating to wetted marshes, including isolated marshes, 

that have apple snails (Takekawa and Beissinger 1989). Mortality increases if snail kites cannot 

find suitable foraging sites. Beissinger and Takekawa (1983) described snail kite dispersal from 

south Florida during the 1981-1982 drought, demonstrating the importance of SJR marshes to 

this endangered species.  Snail kites were reported at the Fort Drum Marsh in Indian River 

County, the SJR Marsh near State Road 50 in Brevard County, and the Lake Woodruff National 

Wildlife Refuge in Volusia County (Beissinger and Takekawa 1983).   

Snail kites depend on hydrologic regimes that support apple snail reproduction and survival. 

Turner (1994) reported that apple snails are intolerant of dry conditions.  Working in the Blue 

Cypress Water Management Area East and in the laboratory, Turner (1994) found high apple 

snail mortality in the first week of drying, and that saturated sands did not limit die-off.  

Conversely, Kushlan (1975), who studied apple snail populations in the southern Everglades, 

reported that apple snails could survive dry-downs by aestivating in muddy substrates.  Turner 

(1994), however, stated that P. paludosa snails, which may be misidentified in the field, do not 

aestivate as successfully as related congeners.  Turner (1994) reported substantial apple snail 

mortality in less than one month of exposure, and possible mortality in less than one week. 

Like Kushlan (1975), Darby et al. (1997) reported some tolerance for dry-downs by P. paludosa, 

but emphasized the importance of dry-down timing. They reported peak egg-cluster production 

for the months of March to July based on surveys from Lake Okeechobee, Blue Cypress Marsh, 

and Silver Springs.  Darby et al. (1997) stated that young-of-the-year apple snails in south and 

central Florida could survive at least 2 to 3 months of dry-down, particularly if the snails hatched 

in March and April, and the dry-downs occurred later in the year. 
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The U.S. Fish and Wildlife Service (USFWS 1999) reported that continuous flooding for more 

than a year is necessary for apple snail populations to recover from droughts and low water 

conditions.  Estimates by Comiskey et al. (1998) were longer, however.  In their modeling 

efforts, Comiskey et al. (1998) concluded that apple snail populations may need as much as a 

three-year recovery period following marsh dry-downs, especially if the dry-downs occur before 

May. 

Comiskey et al. (1998) reported model parameters for snail kites and apple snails.  They used a 

water depth range of 10 to 115-cm (about 0.3 to 3.8-ft) based on work by Hanning (1978), 

Bennetts et al. (1988), and Darby et al. (1997).  At the beginning of snail kite nesting season, 

water depths should be around 20-cm (0.7-ft) (Bennetts et al. 1988).  During nesting, a duration 

of about 110 days, water levels should not drop below 10-cm (0.3-ft) (Darby et al. 1997).  

Shallow water depths limit apple snail movement through submerged vegetation, and may 

expose apple snails to lethal temperatures (Darby et al. 1997).  Water depths over 1-m (3.3-ft) 

may have inadequate dissolved oxygen for apple snails (Hanning 1978), or suitable vegetation 

to support egg clusters (Darby et al. 1997).  Water depths are summarized in Table 3. 

Water depths affect the average size of apple snails (Kushlan 1975; Toland 1994). The point 

here is that the return interval for droughts and low water conditions must be sufficiently spaced 

so that immature apple snails have time to grow to a size that is suitable for snail kites (including 

limpkins).  In his study in the upper SJR, Toland (1994) reported that the adult nesting snail 

kites that he observed preferred catching large snails averaging 3.8-cm (1.5-in) in length and 

4.1-cm (1.6-in) in diameter (n=675).  Shell measurements by Sykes (1987) from study areas in 

south Florida and the upper SJR were somewhat larger than the shell measurements reported 

by Toland (1994); i.e., 4.3-cm (1.7-in) mean length, and 4.6-cm (1.8-in) mean diameter (n=697).  

Kushlan (1975) found that apple snails were larger on average in wetlands with pulsed 

hydrologic regimes.  He also found large numbers of apple snails in edge environments where 

emergent vegetation bordered open water, which are habitat conditions preferred by snail kites 

(and limpkins). 

Sykes (1987) observed foraging behavior by snail kites.  He observed that snails were always 

captured with the talons and not the beak. Sykes (1987) examined museum skins and 

concluded that actual capture depths were no deeper than 16-cm (0.5-ft), which is within the 

viable depth range used by Comiskey et al. (1998) and Hanning (1978) for apple snails.  The 

U.S. Fish and Wildlife Service (USFWS 1999) also used 16-cm (0.5-ft) as a maximum capture 

depth. Actual water depths in a marsh may be much deeper, however.  Toland (1994) reported 

snail kites foraging over water depths of 20 to 130-cm (0.7 to 4.3-ft). 

Water depths affect snail kite nesting. Although nomadic behavior during low water conditions 

may allow individual snail kites to forage and survive, nesting may not be possible.  Beissinger 

and Takekawa (1983) and Beissinger and Snyder (2002) concluded that snail kites do not nest, 

or at least nest successfully, during low water conditions.  Bennetts et al. (1988), who worked in 

Water Conservation Area 3A in south Florida, observed snail kite activity in water areas suitable 

for apple snails.  They observed that over 90% of snail kite nests were initiated where water 

depths were between 20 and 80-cm (0.7 to 2.6-ft).  Bennetts et al. (1988) observed nesting snail 
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kites foraging over sloughs with water depths of 10-cm (0.3-ft) or deeper.  Toland (1994) 

observed nesting kites foraging over open water where depths varied from approximately 50 to 

130-cm (1.6 to 4.3-ft). 

Table 3.  Water depths for snail kites and apple snails. 

Species 
Depths 

(cm) 
Depths (ft) Source 

Snail kite 
(Rostrhamus 

sociabilis) 

10-130 0.3 - 4.3 Sykes (1987); Bennetts et al (1988); 
Toland (1994); Darby (1997) 

Apple snail 
(Pomacea 

paludosa) 

10 -115 0.3 - 3.8 
Hanning (1978) 

 

Snail kites choose nest sites, either in shrub cover or herbaceous vegetation, located over 

flooded marshes or lake margins (Beissinger and Snyder 2002).  Toland (1994), in his study 

area southeast of Blue Cypress Lake, reported that water depths under snail kite nests varied 

from about 40 to 120-cm (1.3 to 3.9-ft).  He reported that nest success was directly related to 

water depth, with the most successful nests being located over the deepest water. 

Beissinger (1997) concluded from his model results that viable snail kite populations would 

increase if drought intervals exceeded 3.3 to 4.3 years.  This estimated return interval was 

slightly longer than the interval of 1.9 to 3.8 years (based on a 19-year stage record) reported by 

Bennetts et al. (1988).  Beissinger and Snyder (2002) strongly disagreed with Dreitz et al. 

(2001), who stated that a low water return interval of 5 to 10 years was not detrimental to snail 

kite nesting success.  Mooij et al. (2007) stated that managers must consider inter-annual 

variation in water levels, and not base decisions on annual mean water levels alone.  Generally, 

researchers (e.g., Kitchens et al. 2001) agree that snail kites need large wetland mosaics that 

are broadly heterogeneous with regard to water levels and habitat types.  These conditions are 

also beneficial to limpkins (Bryan 1996). 

Summary 

This Phase I report describes an on-going literature review related to the hydrologic 

requirements of wetland-dependent species that may be useful biological indicators for the AWS 

project. Four indicator species are introduced – wood storks, white ibis, snail kites, and limpkins. 

These species need landscape-level wetland mosaics with horizontal heterogeneity related to 

water levels and suitable nesting substrates.  The hydrologic requirements of the indicators are 

described with regard to foraging and nesting.  Wood storks need receding water levels and 

high forage fish densities in water depths of less than 30 cm (<15-in) (Kushlan et al. 1975).  For 

nesting, wood storks generally need water depths between 90-cm and 150-cm (3 to 5-ft.) to 

avoid predation on eggs and young (Ogden 1990). White ibis have an optimum foraging depth 
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of 5 to 10 cm (0.2 to 0.3-ft) (Kushlan 1979b).  Its main freshwater food, Procambarus alleni, can 

exhibit high densities in depths of about 25 cm (0.8-ft) (Kushlan 1979b; Kushlan 1986). Snail 

kites can capture apple snails to 16-cm (0.5-ft) below the water surface  (Sykes 1987; USFWS 

1999).  In Blue Cypress Lake, water depths under snail kite nests observed by Toland (1994) 

varied from about 40-cm to 120-cm (1.3 to 3.9-ft).  Apple snails require fluctuating water levels 

ranging from 10 to 115-cm (0.3 to 3.8-ft) (Hanning 1978). Specific hydrologic ranges for nesting 

and foraging by limpkins are not reported here, but conditions suitable for viable apple snail 

populations and abundance are necessary for this species. 

For Phase II, an evaluation using a multispecies approach may be desirable using examples 

such as the habitat suitability indices described by Tarboton et al. (2004).  Other species such 

as the manatee, which forages on SAV and emergent vegetation, may receive treatment in this 

phase along with indicator vegetation or community types. 
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Figure 1.  Relation of wood stork reproduction relative to seasonal water levels and crude 

density of prey fish (from Kahl 1964; page 111). 
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Figure 2.  Productivity for two freshwater habitats; i.e., marshes and ponds (sloughs). 

white ibis foraging depths are shown (double-hatched zone between 5 and 10-cm) (from 

Kushlan 1979b, page 383). 
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