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EXECUTIVE SUMMARY 

 

The hydrology and watershed of the Caloosahatchee River and Estuary located on the southwest 

coast of Florida has been altered since the 1880’s. The river has also been straightened, deepened 

and three water control structures have been added.  The last, Structure S-79, was completed in 

1966 to act, in part, as a salinity barrier. These alterations have resulted in huge fluctuations in 

freshwater input into the estuary resulting in extreme salinities with near freshwater conditions in 

the wet summer months and saline to hypersaline conditions in the winter months. The transition 

between the two states can be rapid, sometimes requiring less than a week. As part of the 

Comprehensive Everglades Restoration Plan (CERP), several storage facilities are being planned 

to retain freshwater during high flow periods, with subsequent release to the estuary during drier 

times thereby reducing high discharges during the wet season and provide a base flow during the 

dry season. The premise of CERP is that restoring hydrology in Caloosahatchee Estuary will 

improve the health and survival of the Eastern oyster (Crassostrea virginica) and promote the 

development of healthy oyster reefs.  The status of oyster beds in the Caloosahatchee comprises 

one of the performance measures which will assess the success of CERP.  

 The goals of this project are to establish the temporal and spatial variability of oyster 

responses in the Caloosahatchee River and Estuary (CRE) and to examine the effect of 

freshwater inflows into the estuary on oyster responses and habitat use of oyster reefs by 

decapods crustaceans and fishes. Dissolved oxygen, salinity, conductivity, pH, density of living 

oysters, prevalence and intensity of Perkinsus marinus, gonadal condition, oyster spat 

recruitment, and growth & survival of juvenile oysters were measured at 6 sampling locations in 

the CRE along a salinity gradient. Habitat use of oyster reefs was determined by examining the 

spatial variation of the reef-resident community and trophic transfer within the reef using stable 

isotopes compositions. Spatial variation of habitat use of oyster reefs by decapod crustaceans and 

fishes was determined using changes in community metrics at three locations in the 

Caloosahatchee estuary. Stable carbon and nitrogen isotope compositions were used to establish 

food sources of different species that make use of oyster reefs as habitat and that may consume 

the oysters themselves.  

 While temperature followed a typical seasonal pattern and ranged between 17 - 32°C, 

salinities fluctuated drastically at various sampling locations (0 – 44 ppt). There was a very good 
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correlation between freshwater inflows from S-79 lock and dam, and salinities at various 

sampling locations (R2  = 58 – 73%).  Prevalence and intensity of P. marinus infection increased 

with increasing distance and salinities downstream. Condition index of oysters showed a 

seasonal pattern with higher indices during cooler winter months and decreased with late spring / 

early summer months, a period that coincides with oyster reproduction. Densities of living 

oysters fluctuated over the sampling years and varied significantly between sampling years, but 

remained high, overall (>1000 oysters / sq. m). Changes in living oyster densities may be related 

to seasonal rainfall and water management practices that have influence on larval recruitment 

and survival. Juvenile oysters showed good growth at all of the locations, but predation resulting 

from higher salinities was significant, resulting in 100% mortality at some locations. Oysters in 

the CRE were reproductively active between May – October, a period that coincides with 

regulatory releases and /or watershed runoff resulting from seasonal rainfall. High freshwater 

inflows into the CRE will flush the larvae downstream where limited substrate is available and/or 

create unfavorable salinities resulting in mortality and poor recruitment of oyster larvae. In 

addition, oyster reproduction seemed to be negatively affected by high salinities.  Flows between 

500 and 3000 CFS will result in optimal salinity regime for the growth, survival and proliferation 

of oysters in the estuary.  

Examination of habitat use by various decapods crustaceans and trophodynamics with the 

oyster reef suggests that oyster reefs serve as essential fish habitat for many resident and ransient 

species, including those that are recreationally and commercially important (e.g. 

Farfantepenaeus sp., Florida stone crab Menippe mercenaria, gray snapper Lutjanus griseus, 

sheepshead Archosargus probatocephalu). Organism abundance varied with season and was 

greater at the upper and middle stations during the dry season but was greater at the middle 

stations during wet months; biomass was greater at the lower stations, at least during the dry 

season. Measures of biodiversity (H’ and % dominance) suggested that diversity increased 

downstream. It appears that assemblages of fishes and decapod crustaceans inhabiting oyster 

reefs in the Caloosahatchee River and Estuary are shaped partly by salinity, with distinct 

communities occurring at different locations along the salinity gradient. Reduced salinities 

occurring upstream or as a result of high freshwater inflow, have the potential to alter the habitat 

value of oyster reefs for commensal organisms by increasing oyster mortality and reducing 

oyster density. Such changes would not only affect microhabitat within oyster clusters (e.g., 

availability of oyster boxes) but also increase the patchiness of oyster reef habitat.        
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The organic matter sources, amphipods, and worms were at the lowest level and were 

consumed by oysters, resident crabs, shrimp, and fishes. The oysters, crabs and shrimp were then 

consumed by other resident crabs and fish species. Transient fish species such as Lutjanus sp. 

came to the reef to feed on the reef resident crab, shrimp, and fish species. Alterations in 

freshwater flow and watershed changes over time caused differences in the isotope compositions 

of the organisms on oyster reefs. Samples from locations that receive freshwater showed a 

difference in carbon isotopic compositions compared to the more estuarine samples indicating 

that carbon sources from upstream could change the energy transfer within the oyster reef 

communities. This may cause areas with higher freshwater flow to have a decrease in higher 

quality food, abundance of food, or diversity of food compared to more natural areas. The 

abundance and diversity of organisms at sites that encounter greater freshwater input were lower 

compared to more estuarine / marine sites indicating that freshwater flow did influence food 

sources available for the organisms at this site.              

Given the severity of predation, future studies should examine the role of predation with 

appropriate replication. The effect of various salinity regimes and inflow patterns on the early 

life stages of oysters (e.g., veliger, umbo, pediveliger) is not clear and should be investigated 

further. Continuous salinity measurements at the sampling locations are necessary to capture 

episodic events and better understand the changes in oyster responses. This will result in better 

tools for freshwater inflow management by resource managers. Minimizing extreme flows into 

the estuary during this period may minimize flushing of larvae to downstream locations and 

retain larvae within the estuary, while creating optimal salinity conditions for larvae and juvenile 

oysters. Future work could look at the quality and diversity of food sources on oyster reefs 

especially in altered and natural areas to determine if species in altered systems do receive a 

lower quality food compared to natural systems.  
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Chapter 1: Seasonal and spatial variation of oyster 

responses in the Caloosahatchee Estuary. 

INTRODUCTION/BACKGROUND 

The Water Resources Development Act (WRDA) of 2000 authorized the Comprehensive 

Everglades Restoration Plan (CERP) as a framework for modifications and operational changes 

to the Central and Southern Florida Project needed to restore the south Florida ecosystem.  

Provisions within WRDA 2000 provide for specific authorization for an adaptive assessment and 

monitoring program. A Monitoring and Assessment Plan (MAP) has been developed as the 

primary tool to assess the system-wide performance of the CERP by the REstoration, 

COordination and VERification (RECOVER) program.  The MAP presents the monitoring and 

supporting research needed to measure the responses of the South Florida ecosystem to the 

CERP.  The MAP also presents the system-wide performance measures representative of the 

natural and human systems found in South Florida that will be evaluated to help determine the 

success of CERP. These system-wide performance measures address the responses of the South 

Florida ecosystem that the CERP is explicitly designed to improve, correct, or otherwise directly 

affect.  

The project work described below is intended to support four broad objectives of the CERP 

monitoring program, namely: 

1. Establish pre-CERP reference conditions and variability for each of the performance 

measures 

2. Determine the status and trends in the performance measures 

3. Detect unexpected responses of the ecosystem to changes in stressors resulting from 

CERP activities 

4. Support scientific investigations designed to increase ecosystem understanding, 

cause-and-effect, and interpret unanticipated results  

 

The project work described below is intended to support the Northern Estuaries module of the 

MAP and is directly linked to the monitoring or research component identified in that module as 

number 3.3.3.6.   
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The Caloosahatchee River and Estuary are located on the southwest coast of Florida.  The 

Caloosahatchee River runs from Lake Okeechobee to the Franklin Lock and Dam (S-79) where it 

empties into the estuary which is some 40 kilometers long and terminates at Shell Point.  The 

Caloosahatchee River is the major source of freshwater to the estuary.  Enough water enters the 

estuary at S-79 to fill its volume over 8 times per year.  

 The hydrology of the Caloosahatchee system has been altered over time.  The river has 

been permanently connected to Lake Okeechobee and about 20% of the water entering the 

estuary now comes from the Lake mainly as regulatory releases to maintain the Lake at a 

prescribed water level.  The river has also been straightened, deepened and three water control 

structures have been added.  The last, Structure S-79, was completed in 1966 to act, in part, as a 

salinity barrier.  The result is that freshwater delivery to the estuary has been altered and shows 

characteristics consistent with a watershed that has lost storage capacity.  Stormwater is not 

retained but runs off quickly and at higher peak flows.  Because there is no retention base flows 

are low or nil during the dry season.   

 The combination of over-draining and the addition of S-79 as a salinity barrier results in a 

truncated and highly variable salinity gradient in the estuary.  During periods of low freshwater 

discharge typically during the dry season, salt water regularly intrudes all the way to the 

structure, often exceeding 10 ppt.  By contrast, high freshwater discharge can cause salinity to 

drop below 5 ppt at the mouth.  The transition between the two states can be rapid, sometimes 

requiring less than a week. The fluctuations observed at the head and mouth of the estuary 

exceed the salinity tolerances of oligohaline and marine species. 

 The South Florida Water Management District and the U.S. Army Corps of Engineers are 

trying to fix these problems through regulation and the construction of additional infrastructure.  

The South Florida Water Management District has established a minimum flow and level for the 

Caloosahatchee River and Estuary to partially address the lack of freshwater inflow during a 

typical dry season.  As part of the Comprehensive Everglades Restoration Plan (CERP), the C-43 

Basin project will construct a reservoir and a number of aquifer storage and retrieval (ASR) 

wells.  These storage facilities will allow water to be retained during high flow periods, with 

subsequent release to the estuary during drier times.  The infrastructure will thus reduce high 

discharges during the wet season and provide a base flow during the dry season.  The Southwest 

Florida Feasibility Study will examine the water requirements of Southwest Florida in more 
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detail and suggest additional possibilities for water storage and management.  All these 

programs, CERP (through RECOVER), C-43 Basin Project, the Southwest Florida Feasibility 

Study, and the Caloosahatchee MFL require monitoring of biological resources in the 

Caloosahatchee Estuary.   

 The implementation of this project is in response to the CERP Monitoring Assessment 

Plan (MAP) created to determine how well the Comprehensive Everglades Restoration Plan 

(CERP) is meeting its goals and objectives.  The premise of CERP is that restoring hydrology in 

Caloosahatchee Estuary will improve the spatial and structural characteristics of submerged plant 

communities and improve the recruitment and survivorship of the Eastern oyster (Crassostrea 

virginica).  The status of oyster beds in the Caloosahatchee comprises one of the performance 

measures which will assess the success of CERP. 

 The Eastern oyster (Crassostrea virginica) once supported a Native American 

subsistence fishery prior to and during early European colonization of North America (Quitmyer  

and Massaro 1999) and today continues to be an important economic and ecological resource to 

coastal inhabitants (Ingle and Smith 1949, Coen et al. 1999, Gutierrez et al. 2003). Although not 

commercially harvested in southern Florida estuaries, oysters provide habitat for other estuarine 

species that have significant recreational and commercial value. Oysters are also ecologically 

important: they improve water quality by filtering particles from the water and serve as prey and 

habitat for many other animals (Coen et al. 1999). For example, oyster reefs are home to 

gastropod mollusks, polychaete worms, decapod crustaceans, boring sponges, fishes, and birds. 

Over 300 macrofaunal species may associate with oyster reefs and over 40 species may inhabit a 

single oyster bed (Wells 1961).  

In the Caloosahatchee, Loxahatchee, Lake Worth Lagoon, and St. Lucie Estuaries 

(Northern Estuaries of the Everglades), oysters have been identified as a Valued Ecosystem 

Component (VEC; Chamberlain and Doering 1998a, b). Oysters are natural components of 

estuaries along the eastern seaboard of the U.S. as well as the Gulf of Mexico and were once 

abundant in the Northern Estuaries (Systems Status Report 2007). The eastern oyster possesses a 

broad geographical distribution and wide temperature and salinity tolerances (Gunter and Geyer 

1955, Cake 1983) and is the dominant species in these oyster-reef communities. Reefs located 

near the head of an estuary, where salinities range from 0 to 15‰, are sparsely populated due to 

frequent flooding and high mortality rates (Butler 1954, Volety and Savarese 2001, Savarese et 
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al. 2003). Spat recruitment and juvenile growth rates are also low in this location. Where 

salinities are between 15 and 20‰, populations are dense, reproductive activity is high, predator 

numbers are low, and spat recruitment and growth rates are high (Shumway 1996, White and 

Wilson 1996). Toward the higher salinity waters near the mouth of the estuary, oyster reefs are 

sparse, spat recruitment and growth are low, diseases and predators are prevalent, and suitable 

substrate is often lacking. Salinity also affects gametogenesis, condition index, spawning, and 

disease in oysters (Shumway 1996). Salinities <5‰ impair gametogenesis, with normal 

gametogenesis occurring above 7.5‰; oysters from Texas, for example, exhibited suppressed 

gonadal activity at salinities <6‰ (Shumway 1996). Similar trends were observed in 

Caloosahatchee oysters in 2003 in response to regulatory freshwater releases (Volety, 

unpublished results).  

 Additionally, the protozoan parasite Perkinsus marinus has devastated oyster 

populations in the Atlantic (Burreson and Ragone-Calvo 1996) as well as in the Gulf of Mexico 

(Soniat 1996), where it is currently the primary pathogen (Dermo disease) of oysters. Andrews 

(1988) estimates that P. marinus can kill ~80% of the oysters on a reef. Temperature and salinity 

influence the distribution and prevalence of P. marinus, with higher values favoring the parasite 

(Burreson and Ragone-Calvo 1996, Soniat 1996, Chu and Volety 1997, La Peyre et al. 2003, 

Volety 2008, Volety et al. 2009).  Laboratory studies by Chu and Volety (1997) suggest that 

although temperature is important, salinity is the most important factor influencing the disease 

susceptibility and disease progression of P. marinus in oysters. High salinities also attract 

various predators such as crabs, starfish, boring sponges, and oyster drills, along with Dermo 

disease (Butler 1954, Hopkins 1962, Galtsoff 1964, Menzel et al. 1966, Shumway 1996, 

Livingston et al. 2000). Therefore, the quality (e.g., nutrients, contaminants, suspended 

sediments), quantity, timing, and duration of freshwater inflow have a tremendous effect on 

oyster health, survival, growth, and reproduction, and thus the biological responses of oysters are 

directly related to freshwater-influenced environmental conditions.  

Seasonal and spatial variation on oyster health metrics (i.e., disease susceptibility, 

condition index, reproduction, spat recruitment, growth and survival of juvenile oysters, and 

living density) as well as habitat use of oysters by decapods crustaceans and fishes are 

investigated in this project especially with respect to freshwater inflow and water quality. Results 

of oyster health metrics and habitat use of oyster reefs are presented in two chapters: Chapter 1 

(this chapter) discusses the temporal and spatial variability of oyster health metrics and the role 
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of water quality (salinity, duration, frequency and magnitude of freshwater inflows into the 

estuary, temperature) on oyster responses. Chapter 2 discusses the role of oyster reefs as an 

essential fish habitat for decapods crustaceans and reef-resident fishes along with trophic transfer 

within an oyster reef community. 

Although the contract period for this grant extended from 2007-2010, oyster response 

data collected previously (September 2000 – March 2007) using similar techniques were also 

examined, whenever practicable, to produce the following summary. Because limited data are 

available for Pepper Tree Point (see below), these data were not included in the statistical 

analyses.   

 

PROJECT GOALS AND OBJECTIVES 

 

The goals of this project are to establish the temporal and spatial variability of oyster 

responses in the Caloosahatchee River and Estuary (CRE) and to examine the effect of 

freshwater inflows into the estuary on oyster responses and habitat use of oyster reefs by 

decapods crustaceans and fishes. Specifically, the objectives of the project are: 

1.  To set up a long-term program for monitoring oysters (Crassostrea virginica) in the 

Caloosahatchee Estuary;   

 

2.  To determine if the restoration of beneficial patterns of freshwater inflow, salinity and 

water quality to the Caloosahatchee Estuary will achieve the expected distribution, 

community structure and viability of oysters; 

 

3.  To examine the effects of variation in salinity on oyster condition and health and on 

the habitat suitability of oyster reefs for decapod crustaceans and fishes; 

 

4.   To identify areas suitable for the development and therefore potential restoration of 

oyster reefs. 
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APPROACH 

 

Monthly sampling of oyster responses was conducted at 6 locations in the CRE along the 

main salinity gradient to determine temporal and spatial variation of oyster responses (Fig. 1). 

These responses were compared with salinity and freshwater inflows to determine the impact of 

watershed alteration and inflow management on oyster responses. Project work involved 

extensive field sampling followed by laboratory analyses of various oyster health parameters 

described below.  

• Basic biological information (size, growth, survival, reproduction), and measures of 

health status (condition index, disease prevalence of Perkinsus marinus) on living oysters 

at six locations in the Caloosahatchee estuary / San Carlos Bay (Fig. 1). Stations locations 

are provided in the table below. Pepper Tree Point is located above Iona Cove, the 

upstream most location where oyster reefs currently exist. No oyster reefs exist in Pepper 

Tree Point given low salinities and lack of suitable substrate; however, with the 

implementation of CERP and reduction in freshwater flows, it is anticipated that 

estuarine conditions would shift upstream of Iona Cove towards Pepper Tree Point. 

Hence it is included for monitoring spat recruitment and the site’s ability to support 

growth and survival of oysters. The role of predation on juvenile oysters was also 

monitored using closed vs. open bags containing juvenile oysters and deployed at the 

sampling sites.  

Location Latitude (DMS) Longitude (DMS) 

Peppertree Pt.  26° 31' 36.909"N 81° 57' 21.922"W 

Iona Cove 26° 30' 47.141"N 81° 58' 44.422"W 

Cattle Dock 26° 32' 0.605"N 81° 59' 57.999"W 

Bird Island 26° 30' 46.982"N 82° 1' 57.448"W 

Kitchel Key 26° 29' 56.050"N 82° 1' 3.351"W 

Tarpon Bay 26° 27' 18.365"N 82° 4' 38.254"W 

 

Parameters measured (Dissolved oxygen, salinity, conductivity, pH, density of living oysters, 

prevalence and intensity of Perkinsus marinus, gonadal condition, oyster spat recruitment, and 

growth & survival of juvenile oysters) and their sampling frequency is presented in the Table 1 

below. 
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MATERIALS AND METHODS 

 

Water Quality Determination 

Water quality measurements were taken in association with sample collection (oysters) 

using a YSI data sonde. Temperature, salinity, and dissolved oxygen were measured at the 

surface. Data sondes were calibrated before use and within 24 hrs after use according to the 

manufacturer’s specifications. In addition, inflow data from S-79  (cubic feet per second: CFS) 

and salinity data were obtained from SFWMD (DBHYDRO; Courtesy of Peter Doering and 

Kathy Haunert).  

Estimating Oyster Disease Prevalence and Distribution 

   For nearly fifty years, eastern oyster populations along the east and gulf coasts of the 

United States have been ravaged by the highly pathogenic protozoan parasite Perkinsus marinus 

(Mackin 1962, Andrews & Hewatt 1957, Andrews 1988, Burreson & Ragone-Calvo 1996, 

Soniat 1996). Higher salinities and temperatures significantly enhance P. marinus infections in 

oysters (Andrews 1988, Burreson & Ragone-Calvo 1996, Chu & Volety 1997, Soniat 1996, 

Volety et al. 2003; 2009). In order to examine the effects of freshwater inflow and salinity, P. 

marinus prevalence in oysters was determined along the salinity gradient within the CRE at six 

locations. A total of fifteen (15) oysters per location were collected monthly. Oysters were 

assayed for the presence of P. marinus using Ray's fluid thioglycollate medium technique (Ray 

1954, Volety et al. 2000; Volety et al. 2003; 2009). Samples of gill and digestive diverticulum 

were incubated in the medium for 4-5 days. P. marinus meronts enlarge in the medium and stain 

blue-black with Lugol's iodine, allowing for visual identification under a microscope. Prevalence 

of infection was calculated as % of infected oysters. The intensity of infection was recorded 

using a modified Mackin scale (Mackin 1962) in which 0 = no infection, 1 = light, 2 = light-

moderate, 3 = moderate, 4 = moderate-heavy, 5 = heavy. 

 

Determining Oyster Condition Index 

Temperature and salinity affect oyster growth, survival, reproduction, and general health.  

The physiological condition of an oyster can be measured by its condition index—the ratio of 

meat weight to shell weight (Lucas & Beninger 1985). Although oysters tolerate salinities 

between 0 and 42‰, growth is maximized at salinities of 14−28‰; slower growth, poor spat 

production, and excessive valve closure occur at salinities below 14‰ (Shumway 1996). 
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Because any metabolic energy remaining after the energetic costs of daily maintenance are paid, 

an oyster stressed either by water quality or by disease has less energy available for growth or 

reproduction.  Consequently, a comparison of oyster condition index among oyster reefs along 

the salinity gradient should be indicative of oyster health and the influence of salinity and 

disease. Oysters from an altered estuary having extreme salinities have significantly lower 

condition index compared to oysters from an unaltered estuary (Volety and Savarese 2001) 

Oysters were collected for condition index determination at the same time the monthly disease 

prevalence was surveyed. Oysters were shucked open, and the meat separated and placed into 

preweighed aluminum boats.  Both meat and shell were dried in an oven at 65°C for 24 h and 

subsequently weighed to the nearest 0.01 g. Condition index was expressed as dry meat 

weight/dry shell weight x 100.  

 

Estimating Oyster Density 

Live oyster density, an indirect measure of reef productivity, also varies considerably 

along an estuarine salinity gradient.  Patterns attributable to human alterations in freshwater flow 

were detected previously in the Blackwater and Faka Union Estuaires in the Ten Thousand 

Islands, Florida (Volety and Savarese 2001, Volety 2007).  Live oyster density was measured at 

five sampling locations (Iona Cove, Cattle Dock, Bird Island, Kitchel Key, and Tarpon Bay) in 

the late fall and in early Spring, corresponding to wet and dry seasons. Because oysters have 

reproduced for the year and spat have settled from the water column, this is an ideal time for 

measuring density.  Four 0.25-m2 quadrats were randomly located at the mean-low-tide height at 

each reef.  The number of living oysters within each quadrat was counted and compared among 

stations for each sampling period.  

 

Juvenile Oyster Growth and Survival: Role of Water Quality and/or Predation 

One to two hundred juvenile oysters (10-20 mm) were deployed at all sampling locations 

in 0.5 mm closed and open wire-mesh bags. Oyster spat from Southwest Florida were obtained 

from Charlotte Harbor (Bay Shellfish Company). Fifty randomly selected oysters were measured 

to the nearest 0.1 mm every other month from each location in both the open and closed bags. 

The responses of juvenile oysters placed in closed wire-mesh bags indicate growth and/or 

mortality due to water quality; responses of oysters in open cages denote growth and/or mortality 

due to predation and water quality, thus giving us an estimation of the role of predation in these 
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estuaries. These results are extremely useful in modeling or estimating oyster populations at 

various salinity and inflow regimes. This method was successfully employed by Volety et al. 

(2003) in the Caloosahatchee River and Estuary and by Volety and Savarese (2001b) in the Ten 

Thousand Islands.  

 

Spat Recruitment 

Oyster spat recruitment was monitored using old adult oyster shells strung together by a 

weighted galvanized wire and deployed at each sampling location. A shell string consisting of 12 

oyster shells, each 5.0-7.5 cm long with a hole drilled in the center and oriented inner surface 

down, was suspended off the bottom at various sites (Haven & Fritz 1985).  Oyster spat 

settlement was monitored monthly by counting the number of spat settled on the underside of 

strung shells, and spat settlement was expressed as the number of spat settled per oyster shell per 

month.  

 

Gonadal Index (Stage) 

 Histological analysis was used to examine gonadal state and reproductive potential of 

oysters from different sites (see above) during the study period. Gametogenic stage was 

identified under a microscope according to Fisher et al. (1996) and the International Mussel 

Watch Program (1980). Samples (10–15) were collected monthly, from each sampling location 

during each sampling period. For histologic sectioning, a 3-5 mm thick band of tissue was cut 

transversely with a razor blade in such a manner as to contain portions of mantle, gill, digestive 

tubule, and gonad. Dissected tissue was fixed for 48–72 h in Davidson's fixative and stored in 

70% ethanol before paraffin embedding. After embedding, sections were made with a 

microtome, and slides stained with hematoxylin and eosin. Gonadal portions of the sections were 

examined by light microscopy to determine gender and gonadal condition (see below). This 

method has previously been successfully used to identify reproductive patterns of oysters in 

Southwest Florida estuaries (Volety and Savarese 2001, Volety et al. (2003) and to recommend 

alteration of inflow patterns to ensure survival of oyster spat during the reproductive season.  

 

Gonadal Condition Determination 

Gametogenic characteristics (reproductive staging) observed in histologic sections of 

oyster gonads were described and values were assigned for the determination of gonadal 
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condition following Fisher et al. (1996) and the International Mussel Watch Program (1980) (see 

table below). Values 6–10 were changed to 5–1 to reflect true reproductive activity for statistical 

purposes, as taking the average values of the gondal condition may, in some cases, result in 

erroneous conclusions (Volety 2008, Volety et al. 2009). For example, if one oyster is at neuter 

or resting stage (value 0) and another oyster is spent out and undergoing cytolysis (value 10), 

averaging the values may give a value of 5 (oyster ripe with mature gametes).  

 

 

 

Value Observations 

0 Neuter or resting stage with no visible signs of gametes  

1 Gametogenesis has begun with no mature gametes 

2 First appearance of mature gametes to approximately one-third mature gametes 

in follicles 

3 Follicles have approximately equal proportions of mature and developing 

gametes 

4 Gametogenesis progressing, but follicles dominated by mature gametes 

5 Follicles distended and filled with ripe gametes, limited gametogenesis, ova 

compacted into polygonal configurations, and sperm have visible tails 

6 Active emission (spawning) occurring; general reduction in sperm density or 

morphological rounding of ova 

7 Follicles one-half depleted of mature gametes 

8 Gonadal area is reduced, follicles two-thirds depleted of matures gametes 

9 Only residual gametes remain, some cytolysis evident 

10 Gonads completely devoid of gametes, and cytolysis is ongoing 

 

 

STATISTICAL ANALYSES 

 

A power regression was used to determine the relationship between inflows from S-79 

(monthly means of 30-day moving average) and salinities at various sampling locations. Data 

from Sep 2000–Nov 2009, a period for which flow data was available, was used to determine the 
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relationships. A three-way Analysis of Variance (ANOVA) was used to determine the effects of 

the three main variables (sampling location, sampling month, and year) on oyster responses (e.g., 

P. marinus intensity, prevalence, condition index, gonadal condition, and spat recruitment). 

When significant differences were detected in the response means, a multiple comparison test 

(e.g., Tukey or Dunnett’s T-3) was used to identify differences among treatments. Results were 

deemed significant at P ≤0.05. 

 

DATA DEPOSITION AND UTILIZATION 

 

Data from this project was deposited quarterly into the CERP zone database (Contact. 

Ms. Darlene Marley, CERP Data Steward) for collection and utilization in the development and 

calibration of a habitat suitability index model for oysters in the CRE. Because oyster monitoring 

data from this project and previously funded projects at most of these locations is available for 

the past 9 years, all available data was utilized in the data analyses to discern long-term seasonal 

and spatial trends. Results and conclusions from this study were also reported in Systems Status 

Reports 2007 and 2009. Information in SSR 2009 encompasses 2000–2008.  

 

RESULTS 

 

Water Quality Sampling and Determination of Oyster Condition and Health 

 

Water Quality Determination  

Temperature measured during the study period (Sep 2007–Jul 2010) exhibited a typical 

seasonal trend, with warmer temperatures occurring late Spring to Fall (May–Oct) and cooler 

temperatures occurring late Fall to Spring (Nov–Apr). Monthly temperature varied little among 

sampling locations (< 3°C), but mean temperature ranged between 17.3ºC and 31.6ºC during the 

study period with the exception of the winter of 2009, where temperatures were very cold (mean 

low of 11.2°C; Jan 2010; Fig.2). Temperature lows and highs during the period (2000–2010) are 

typically around 17°C (±2°C) and 31°C (±2°C).  

Salinities were lower at upstream locations compared to downstream locations. During 

the past three years, salinities ranged from a low of 0‰ at the upstream location (Pepper Tree 

Point; May 2010) to 43.81‰ at the downstream location (Tarpon Bay; June 2008; Fig. 3). 
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Highest seasonal salinities occurred November/December to April/May during the study period 

(3 years), –consistent with previous results. The lowest salinities were measured July to 

September 2009 for all sampling sites, a period that coincided with seasonal rainfall and 

regulatory releases of freshwater (Fig. 3). Typically, salinities range 0–7 ‰ at the upstream 

(Peppertree point) to midstream locations during summer to fall (Fig. 3); however, 2007 was a 

very dry year, with a salinity of 24.44‰ at the upstream location (Peppertree Point) being far 

above the normal range of 0–7 ‰. 

 

Relationsip Between Freshwater Inflow from S-79 and Salinity at Various Sampling Locations 

Monthly 30-day moving averages of freshwater inflow from S-79 were inversely 

correlated with salinities at various sampling locations obtained during oyster sample collection 

(Sep 2000–Nov 2009; r2 = 0.58–0.73; Table 2; Fig. 4). Decrease in salinity was more acute at the 

upstream stations compared to stations downstream Specific regressions (power function) and 

associated R2 values are presented in Table 2 below. It appears that flows >4000 CFS would 

result in unfavorable salinities, at least at the upstream location (Iona Cove) (Fig. 4). 

 

 

Oyster Disease Prevalence and Distribution 

Prevalence (percentage of infected oysters) of Perkinsus marinus infection varied among 

sampling times (Fig. 5) and sampling locations (Fig. 6). P. marinus infection prevalence 

increased with increasing distance (and salinity) downstream (Figs. 5–6). Prevalence of infection 

was significantly lower at the upstream location (Iona Cove) compared to the downstream 

locations (Fig. 6). Prevalence ranged from 13% (August 2009) to 100% (e.g., October 2009) 

during the past 3 years of sampling. There was significant variability in prevalence over 

sampling months and stations, possibly due to short-term variability in salinity and local factors. 

P. marinus infection intensity trends were similar to prevalence (Table 3; Fig. 7), with higher 

infection intensity found at downstream locations (Fig. 8). During the past three years, P. 

marinus intensity was highest in October 2008 (3.87; Bird Island) and lowest in July 2010 (0.07; 

Kitchel Key). Global mean infection intensity ranged between 0.49 (Iona Cove) and 1.1 (Tarpon 

Bay) on a scale of 0-5 (Fig. 8).  

 

Determining Oyster Condition Index 
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 Mean condition index of oysters averaged across all stations and sampling years (2.4–3.3) 

varied significantly among sampling months (Table 4; Fig. 9). Overall, condition index was 

highest in May (3.3), decreased to 2.4 (October), and increased during the winter months 

(November to April) (Fig. 9). Condition index of oysters, averaged across all stations for the 

year, ranged between 3.35 (2001) and 2.38 (2009) (results not shown).  In addition, inter-annual 

differences in condition index of oysters were present (P <0.05).  

 

Oyster Density 

Density of live oysters (no. m-2) varied significantly over the sampling years (2003–

2010), a period for which data were available (Table 5; Fig. 10). Global mean live oyster density 

in the Caloosahatchee estuary was 1071 ± 29 oysters m-2. Live oyster density also significantly 

varied (P <0.05) among sampling stations (Fig. 11). Density of living oysters during the past 

three years of sampling (2008–2010) was lowest at Cattle Dock (118 oysters m-2; 2008) and 

highest at Bird Island (2933 oysters m-2; 2010) (Fig. 12). In addition, overall density of living 

oysters, when averaged for all the stations and sampling years, was higher during the dry season 

(spring) compared to the wet season (fall). Mean density of living oysters during the dry season 

was 1207 oysters m-2, compared to 916 oysters m-2 during the wet season. Density of living 

oysters is influenced by larval recruitment and salinity. Salinity and flow not only influence the 

survival of larval and adult oysters, but flow also influences where the larvae settle in the estuary 

(Shumway 1996). Reduced living densities of oysters in Cattle Dock is likely due to the input of 

freshwater from the City of Cape Coral and associated water quality and substrate limitations. 

Given the high densities of live oysters at Bird Island, where mean salinity is 25‰ (± 10.3), it 

appears that estuarine salinities in this range are favorable for larval recruitment and survival of 

oysters; however, higher salinities (>28‰) will result in higher disease prevalence and intensity 

of P. marinus (Figs. 6 and 8) and in increased mortality due to disease and predation (Shumway 

1996), depressing spat recruitment (see below) and subsequent development of oyster reefs. High 

flows (>1500 CFS) into the estuary and associated lower salinities will result in higher living 

density at the downstream locations, and lower flows (<1500 CFS) and intermediate salinities 

will result in higher living densities at upstream-midstream locations (Fig. 12). 

 

Juvenile Oyster Growth and Survival: Role of Water Quality and Predation 



 20 

At each sampling location, 100–200 juvenile oysters (15–30 mm) were deployed in 0.5-

mm closed and open wire-mesh bags in December/January of each year (2007, 2008 and 2009). 

Juvenile oysters were acquired either from natural spat that set on oyster reefs in the CRE or 

from local broodstock. Each month, lengths of 50 randomly selected (living) oysters were 

measured from both open and closed cages. At the same time, number of surviving oysters was 

enumerated. As mentioned previously, growth and survival of juvenile oysters in closed cages is 

as a result of water quality, and growth and survival in open cages is as a result of a combination 

of water quality and predation. Juvenile oysters at all sampling locations in all three years (2007–

2010) exhibited good growth (Figs. 13–15). Juvenile oysters from closed cages grew from an 

initial mean length of 16–28 mm (depending on the year) to a final mean length of 52–62 mm at 

the end of 1 year (Figs. 13 and 14). Final mean length of oysters in year 3 could not be computed 

as juveniles were deployed for only 9 months (as of this report date). Final mean length of 

oysters from year 3, after 9 months deployment, was 50 mm (Fig. 15). There was no difference 

in the mean growth rates of juveniles between open and closed cages (results not shown).  

Juvenile oyster survival at all sampling locations and sampling years was higher for those in 

closed cages compared to open cages (Figs. 16–24). Depending on the year, survival varied 

among sampling locations, possibly due to salinity and/or other water quality conditions, as well 

as predation. Difference in survival between open and closed cages suggests that predation is a 

significant factor in influencing the survival of oysters in the CRE. However, given the limited 

amount of data regarding growth and survival as well as differences in environmental conditions 

(e.g., drought year vs. normal vs. wet years), interpreting the relationships between salinity, 

predation and growth and survival is difficult. Overall, oysters deployed at Iona Cove exhibited 

the highest growth rates compared to other sampling locations.  

 

Spat Recruitment 

Spat recruitment in the CRE between April/May and October/November, with peak 

recruitment occurring June through October (Table 6; Fig. 25). When averaged for all months 

and sampling years according to sampling location, spat recruitment increased with increasing 

distance downstream (Fig. 26). Spat recruitment was not observed during the winter months. 

Significant differences were observed between various sampling locations and sampling years 

(Fig. 27).  
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Gonadal Index (Stage) 

Gonadal condition varied significantly among sampling periods, sampling stations (Fig. 

28) and sampling years (Table 7; Fig. 29). It appears that oysters were reproductively active 

between April/May and October/November (Fig. 28). In addition, oysters from the upstream 

location, Iona Cove, appeared to be spawning earlier (March) compared to oysters from other 

locations (Fig. 28). This may have been due to favorable salinity conditions prevailing at this 

location during winter/early spring months.  These results were corroborated by condition index 

values that showed a decrease from May through October, possibly as a result of tissue loss due 

to the shedding of gametes. Also, spat recruitment was observed at all sampling locations 

between May and October (Figs. 25, 27). Significant difference in gonadal condition was 

observed in oysters among various sampling years (Fig. 29), with oysters in 2007 and 2008 

having the lowest gonadal condition. This may have been due to salinity stress resulting from 

drought conditions (high salinity) and/or changes in food quality and quantity.    

 

DISCUSSION 

 

Freshwater inflow into the Caloosahatchee River and Estuary via watershed runoff and/or 

regulatory freshwater releases from Lake Okeechobee alters the salinity regime at various 

portions of the estuary, including areas inhabited by oysters (Volety 2008, Volety et al. 2009). 

Depending on the magnitude and duration of freshwater inflow, salinity could be depressed for 

extended periods. Conversely, during drought years or when there are no freshwater releases, 

salinities even in the upstream portion of the estuary get very high (> 28‰) and, in downstream 

areas, tend to be hypersaline (Fig. 3). As previously mentioned, salinity (along with temperature) 

influences every aspect of oyster life history including larval survival, disease susceptibility, 

growth, gametogenesis, and predation (Shumway 1996, Volety 2008, Volety et al. 2009). 

Significant relationships exist between freshwater inflows from S-79 and salinities in the estuary 

(R2: 58–73%; Fig. 4; Table 2). For example, although low flows (e.g., 500 CFS) tend to maintain 

estuarine conditions at the upstream location (Iona Cove), salinities at the downstream location 

(Tarpon Bay) tend to be saline to hypersaline (35–37‰).  These salinities result in greater 

incidence of P. marinus infection in oysters and attract predators, leading to greater mortality of 

larval, juvenile and adult oysters (Volety 2008, Shumway 1996). Conversely, at higher flows 

(>4000 CFS), although salinities at downstream locations (Kitchel Key and Tarpon Bay) tend to 
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become estuarine (22-26‰), salinities at the upstream locations (Iona Cove) reach ~6‰, a 

condition unfavorable for the growth and survival of oysters. Because oyster spat recruitment, 

survival and growth are higher at 15-25‰ (Shumway 1996), it appears that flows between 1000 

and 3000 CFS will result in favorable conditions for oysters in the CRE (Fig. 4, Table 2). 

Temperature and salinity profoundly influence the disease susceptibility of oysters, with 

higher temperatures and salinities resulting in higher prevalence and intensity of P. marinus 

infections (Chu and Volety 1997, Soniat 1996, La Peyre et al. 2003, Volety 2008, Volety et al. 

2009). This trend has been confirmed in other Southwest Florida estuaries including those in Ten 

Thousand Islands (Volety and Savarese 2001, Savarese and Volety 2008). In the current study, 

P. marinus prevalence and infection intensity increased with increasing distance (and salinity) 

downstream (Table 3; Figs. 5-8), suggesting the importance of salinity in the disease dynamics of 

oysters. Given that >80% of infected oysters can encounter mortality (Andrews 1988), the 

impact of salinity on the survival of adult oysters cannot be underestimated.  During warmer 

months (summer–fall), Southwest Florida estuaries experience heavy rainfall and watershed 

runoff, as well as regulatory freshwater releases that depress salinities. During winter, when 

temperatures are cooler, there is little or no rainfall or watershed runoff, resulting in high 

salinities, and at times hypersaline conditions within the estuary (Fig. 3). The antagonistic effects 

of high temperature/low salinity (summer), and low temperature/high salinity (winter) keeps 

disease in check at low to moderate levels (Figs. 5–8); however, in the absence of freshwater 

releases during winter, salinities become high and oysters are prone to disease as well as 

predation. Similarly, if high volumes (>4000 CFS) of freshwater are released, especially for 

extended periods (>1-2 wk), salinities tend to be depressed resulting not only in mitigation of the 

parasite and predators, but also in increased mortality of larval, juvenile and adult oysters. 

Minimum amounts of freshwater (500–1000 CFS; Fig. 4; Table 2) during winter months and 

<3000 CFS during summer months would result in optimal salinity conditions for oysters in the 

Caloosahatchee River and Estuary.   

Condition index, a gross measure of the health of oysters, varied significantly among 

stations, years and sampling months (Fig. 9; Table 4). Condition index increased during cooler 

months until April and decreased from May through October. Increase in condition index during 

cooler winter months results from the accumulation of energy reserves for reproduction and 

gametogenesis. Decreased condition index during early summer is the result of spawning, as 
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oysters shed gametes (Volety 2007, Volety et al. 2009). This result is corroborated with spat 

recruitment and gonadal condition trends (see below).  

Mean density of living oysters in the Caloosahatchee estuary was 1071 oyster m-2. for the 

period 2003–2010. Density of live oysters varied significantly among sampling locations, 

between seasons and among sampling years (Figs. 10–12; Table 5). Density of oysters in an 

estuary is influenced by larval production, spat recruitment, survival, predation, water quality 

and food availability. These factors, directly or indirectly, are influenced by salinity and flow. 

For example, in 2004 when freshwater inflows into the estuary were high (Fig. 12), density of 

oysters was higher at downstream locations (Tarpon Bay), possibly due to the flushing of larvae 

to downstream locations. In addition to physical flushing, salinity at the upstream locations (Iona 

Cove, Cattle Dock) would have been very low, and thus unfavorable for survival, settlement and 

growth of oysters. During low inflow years (e.g., 2007), more larvae are retained, and salinity 

conditions remain favorable (brackish) at the upstream locations, resulting in an increase in 

living densities there. It should be cautioned that, depending on the timing, magnitude and 

duration of the freshwater inflow as well as local conditions, estimating or predicting living 

densities may be more complex. For example, density of living oysters was greater at Iona Cove, 

Bird Island, and Tarpon Bay, but lower at Cattle Dock and Kitchel Key (Fig. 11). Cattle Dock 

receives freshwater runoff from the City of Cape Coral via channelized canals from a relatively 

large area (Fig. 1). Thus, this site may experience flashiness in freshwater input along with any 

other contaminants that the freshwater may carry (e.g., nutrients, pesticides, PAHs, heavy 

metals), resulting in higher disease prevalence and intensity, possibly due to reduced immune 

responses and reduced spat recruitment, condition index and living density. At Kitchel Key, soft 

bottom conditions prevail and thus substrate could be a limiting factor.  It appears that mean 

flows of approximately 1000–2000 CFS would result in favorable salinity conditions within the 

estuary and in higher and more stable living densities of oysters (Fig. 12).  

Juvenile oysters in wire-mesh bags were used to determine the effect of water quality and 

predation on the growth and survival of oysters. Juvenile oysters deployed in closed wire-mesh 

bags are influenced by water quality alone (predation excluded), whereas juvenile oysters in 

open-mesh bags are influenced by both water quality and predation. Examining differences 

between these treatments gives us an estimate of the role of predation in the growth and survival 

of oysters. In the current study, juvenile oysters in wire-mesh cages showed good growth rates 

(Figs. 13-15). No significant differences were observed in growth rates between open and closed 
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cages. Juvenile oysters (15–28 mm) deployed during late fall/early winter (to mimic a late spat 

set in the season after the freshwater inflows have ceased) grew to 58–72 mm within 12 months. 

Overall, juvenile oysters at the upstream locations (e.g., Iona Cove) exhibited the highest growth 

rate (Figs. 13–5). Although these locations experience low salinities and high flushing rates 

during summer months and possibly high mortalities during late fall/early winter due to little or 

no freshwater unput, brackish water conditions in the estuary shift upstream (with downstream 

locations being saline to hypersaline). With oysters spawning into fall (October/November) and 

spat recruiting at the upstream locations, juvenile oysters experience salinity conditions that are 

very favorable (15–25‰) and thus have good growth rates.  

Significant differences in the survival of juvenile oysters were noted between closed and 

open bag treatments. Juvenile oysters in closed bags exhibited increased survival (Figs. 16, 18, 

20) compared to those in open cages (Figs. 17, 19, and 21). Depending on the year, survival of 

juveniles in closed cages ranged 0–90%, whereas those in open cages experienced survival rates 

of 0–60%. Lower survival rates in closed cages were primarily at the upstream locations, 

possibly due to low salinity conditions (Fig. 3), whereas those at the downstream conditions and 

in open cages were due to predation. Depending on the year, mean survival of oysters in closed 

cages, averaged for all sampling locations in the estuary, was 13–63%, whereas mean survival of 

oysters in open cages ranged 2–15% (Figs. 22–24). Most of the mortality in closed cages 

occurred during the summer months when rainfall was heavy and salinities low. These results 

suggest that predation is a significant factor on oyster survival and growth in the Caloosahatchee. 

Adult oysters normally occur at salinities between 10 and 30‰, but they tolerate salinities of ~2 

to 40‰ (Gunter and Geyer 1955). Occasional, short pulses of freshwater inflow can greatly 

benefit oyster populations by reducing predator (e.g., oyster drill, whelk) and parasite (e.g. 

Perkinsus marinus) impacts (Owen 1953), but excessive freshwater inflow may kill entire 

populations of oysters (Gunter 1953, Schlesselman 1955, MacKenzie 1977, Volety et al. 2003, 

Volety and Tolley 2005, Bergquist et al. 2006). Therefore, controlled freshwater releases could 

be used in adaptive management to mitigate disease and predation pressure on oysters in the 

Caloosahatchee Estuary. Although the salinity tolerance of early life stages of oysters (e.g., 

veliger, umbo, pediveliger) is unclear, juvenile oysters were able to survive salinities ~5‰ for 1-

2 wk (Volety et al. 2003). By late winter/early spring, when oyster spat reached the juvenile 

oyster stage, salinities tended to be high (above 25–35‰). High volumes of freshwater inflow 
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(4000–5000 CFS) for a period of <1 week may reduce predation and disease pressure on oysters, 

thereby enhancing survival of oysters within the estuary.      

Oyster spat recruitment in the Caloosahatchee significantly varied among sampling 

months (Fig. 25), sampling locations (Fig. 26), and sampling years (Fig. 27; Table 6). Spat 

recruitment was observed  April/May through October/November (Fig. 25). Increases in spat 

recruitment corresponded to decreases in condition index during these months, suggesting that 

declines in condition index may have been the result of spawning activity (Fig. 9) and not food 

limitation. Spat recruitment increased with increasing distance downstream (Fig. 26). The 

Caloosahatchee experiences high freshwater inflows (and low salinities) resulting from 

watershed runoff and/or regulatory releases during the months when oysters are actively 

spawning (Figs. 3 and 25). Therefore increased spat recruitment at downstream locations may be 

due to high flows flushing oyster larvae downstream, unfavorably low salinities for larvae at 

upstream locations, as well as higher incidence of oyster reefs producing more larvae in the mid 

stream to downstream locations. Significant differences in spat recruitment were also detected 

between years (Fig. 27). For example, 2007, a year with very little rainfall and freshwater 

releases, resulted in very poor spat recruitment. This may be as the result of predation of larvae 

and spat and/or the direct influence of high salinities on the gametogenic activity of oysters 

resulting in lower fecundity (see below). Similarly, 2003 and 2005 were very wet years with high 

freshwater inflows (and low salinities; Fig. 3). This resulted in higher recruitment of oyster spat 

at the downstream location (Tarpon Bay), possibly due to physical flushing of larvae to 

downstream locations.  

Gametogenic activity, as measured by gonadal index, varied significantly among 

sampling locations and months (Fig. 28) and among sampling years (Fig. 29; Table 7). It appears 

that oysters in the Caloosahatchee estuary continuously spawn April–October, a result 

corroborated by changes in the condition index and spat recruitment at various sampling 

locations (Figs. 9 and 25). This trend contrasts with that of oysters from the Northeastern United 

States (Shumway 1996) and Chesapeake Bay (Southworth et al. 2005), where reproduction of 

oysters is limited to a few months in the summer (August–September). In addition, oysters at the 

upstream location (Iona Cove) appear to be spawning earlier than those at other locations, 

possibly due to the favorable estuarine salinity conditions prevailing at this location in the 

winter/early spring (Fig. 3). Again, this result has significant management implications. For 

example, minimizing large freshwater releases during summer–fall, when oysters are spawning 
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in the estuary, would result in favorable salinity conditions and larval retention within the estuary 

resulting in higher recruitment and possibly higher adult densities in subsequent months. Given 

the duration of low salinities (June–September) in the estuary, it is speculated that larvae, at least 

in the upstream locations, encounter either unfavorable salinities resulting in mortality or get 

flushed to downstream locations resulting in low spat recruitment at the upstream locations. With 

decreases in rainfall and freshwater releases by October, oysters at midstream to downstream 

locations are spawning, and their larvae get carried to upstream locations where favorable 

salinity conditions prevail. This results in high growth rate and condition index for oysters at 

locations such as Iona Cove. High spat recruitment at downstream locations due to flushing 

activity may not be beneficial to the system as a whole, as higher salinity conditions at these 

locations attract predators and diseases (Shumway 1996, White and Wilson 1996, Volety 2007, 

Volety et al. 2009) resulting in mortality. It is further speculated that, at least in the upstream 

locations, most of the adult oysters are derived from oyster spat that recruited to the system late 

during the spawning season. Decreasing the duration and magnitude of high flows during 

summer (wet) and releasing base flows during winter (dry) will minimize extreme salinity 

fluctuations that are detrimental to oysters. Flows <3000 CFS during summer and flows between 

500 and 1000 CFS during winter will result in salinities between approximately 12 and 25‰ at 

the upstream locations and 28–35‰ at the downstream locations. These salinities will result in 

optimal conditions for larval production, survival, growth and proliferation of oysters in the 

Caloosahatchee estuary.  

 

SUMMARY AND FUTURE DIRECTIONS 

 

Although the prevalence of P. marinus infection in oysters is high (up to 100%), mean 

intensity of P. marinus in oysters is low to moderate (Figs. 5–8). This is a result of the reduced 

salinities during summer months, when temperatures are high, and naturally lower temperatures 

in the winter months, when salinities tend to be high. Good growth rates of juvenile oysters and 

generally higher condition and gonadal indices suggest that oysters in the Caloosahatchee are not 

food limited. Given high salinities at most sampling locations in the Caloosahatchee Estuary 

during dry periods, predation appears to be a significant factor in the survival of juvenile oysters. 

Because two of the past three years (2007, 2008) have been dry years, the role of predation may 

be intense. Continued monitoring of the role of predation, with appropriate replication, in the 
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coming years may yield better results about the full extent predation impacts on oyster survival 

and growth. Oysters in the Caloosahatchee appear to be continually spawning between 

April/May and October/November. The effect of various salinity regimes and inflow patterns on 

the early life stages of oysters (e.g., veliger, umbo, pediveliger) is not clear and should be 

investigated further. In addition, currently salinity measurements are taken at the sampling 

locations once a month during oyster collection and therefore do not capture episodic events that 

may influence oyster responses. Continuous salinity measurements at the sampling locations are 

necessary to better understand the changes in oyster responses. Salinity thresholds that would 

result in increase in salinities during warmer months is also not known. This will result in better 

tools for freshwater inflow management by resource managers. Minimizing extreme flows into 

the estuary during this period may minimize flushing of larvae to downstream locations and 

retain larvae within the estuary, while creating optimal salinity conditions for larvae and juvenile 

oysters. Flows between 500 and 3000 CFS will result in optimal salinity regime for the growth, 

survival and proliferation of oysters in the estuary.  
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CHAPTER 2: HABITAT USE OF OYSTER REEFS  

BY DECAPOD CRUSTACEANS AND FISHES 
 

INTRODUCTION AND BACKGROUND 

 

Oyster reefs have been identified as essential fish habitat for resident and transient 

species (Breitburg 1999; Coen et al. 1999). Harding and Mann (2001) found that transient 

generalist fishes do not rely exclusively on oyster reef habitats; therefore, it may not be 

appropriate to identify oyster reefs as essential fish habitat for these opportunistic fishes. 

According to the Magnuson-Stevens Fishery Conservation and Management Act, essential fish 

habitat is defined as “those waters and substrate necessary to fish for spawning, breeding, 

feeding, or growth to maturity” and fish is defined as “finfish, mollusks, crustaceans, and all 

other forms of marine animal and plant life other than marine mammals and birds” (USDOC 

1997). In general, oyster reefs provide habitat and shelter for many estuarine species 

(Zimmerman et al. 1989; Myers and Ewel 1990; Breitburg 1999), as well as refuge during 

periods of hypoxia (Lenihan et al. 2001). Harding and Mann (2001) suggested that oyster reefs 

may provide higher diversity and availability of food or a greater amount of higher quality food 

compared to other habitats. Oyster reefs restored on mudflats have higher abundances of juvenile 

fishes compared to reefs restored in vegetated areas that could potentially cause an increase in 

fish productivity in an estuary (Grabowski et al. 2005). Reefs can also be called essential fish 

habitat for oysters themselves, especially when reef height and the quality and quantity of 

interstitial spaces for recruiting oysters are considered (Coen et al. 1999). Both of these 

characteristics increase the recruitment, growth and survival of oysters on reefs (Coen et al. 

1999).   

Oyster reefs provide habitat for a variety of species. Wells (1961) collected 303 different 

species that utilized oyster reefs, segregating species that use the reef primarily as shelter from 

those that depend on the reef for food. Fish species can be separated into three categories based 

on their dependence on oyster reefs for habitat: (1) resident oyster reef fishes are dependent on 

oyster reefs as their primary habitat, (2) facultative residents utilize the structured habitat of the 

reef and are not wide ranging species, and (3) transients that are wide ranging, especially as 

adults, use the reefs as feeding grounds (Breitburg 1999). Oyster reefs found in salt marshes, 

mudflats, and seagrasses have higher densities of organisms (both infauna and epifauna) when 
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oyster reefs are present compared to when they are not (Grabowski et al. 2005; Zimmerman et al. 

1989). These organisms are then consumed by finfish and crustacean species that may be 

recreationally or commercially valuable (Grabowski et al. 2005; Grabowski and Peterson 2007). 

At least 72 facultative resident and transient fish species have been observed in close proximity 

to oyster reefs in several studies in Maryland, Virginia, North Carolina, South Carolina, and 

Texas (Coen et al. 1999).     

Several species of fishes have been identified as oyster reef residents and include the 

naked goby Gobiosoma bosc, Florida blenny Chasmodes saburrae, striped blenny Chasmodes 

bosquianus, feather blenny Hypsoblennius hentz, skilletfish Gobiesox strumosus, gulf toadfish 

Opsanus beta, and oyster toadfish Opsanus tau (Zimmerman et al. 1989; Wenner et al. 1996; 

Breitburg 1999; Coen et al. 1999; Lenihan et al. 2001; Tolley and Volety 2005; Tolley et al. 

2006). These fishes use the oyster reef as spawning and feeding habitat and as shelter from 

predators. Resident oyster reef fishes typically feed on benthic invertebrates such as amphipods, 

mud crabs, and grass shrimps but can also prey on benthic fishes (Breitburg 1999; Lenihan et al. 

2001). The toadfish is known to feed on mud crabs and can increase mud crab mortality on 

simple reefs because there are fewer spaces for the crabs to hide (Grabowski 2004). Toadfish 

presence also influences the behavior of mud crabs, causing them to hide on the reef  and thereby 

reducing crab predation on juvenile oysters (Grabowski 2004). The naked goby, striped blenny, 

and skilletfish attach their eggs to the insides of recently dead, clean, articulated oyster shells and 

the oyster toadfish attaches its eggs to the underside of consolidated oyster shells (Breitburg 

1999; Coen et al. 1999). The abundance of skilletfish on an oyster reef has been found to have a 

strong positive correlation with total oyster abundance (Luckenbach et al. 2005). Reef resident 

fishes have been observed to swim quickly into the shell matrix of the oyster reef in the presence 

of a predatory fish or due to the sudden movement of a diver instead of swimming along the 

substrate surface or up into the water column (Coen et al. 1999).    

Many transient fish species have been found on oyster reefs, and several are 

recreationally or commercially valuable, including Atlantic menhaden Brevoortia tyrannus, 

tautog Tautoga onitis, striped bass Morone saxatilis, and Spanish mackerel Scomberomorus 

maculatus (Breitburg 1999; Harding and Mann 2001; Lenihan et al. 2001). Atlantic croaker 

Micropogonias undulatus, Atlantic menhaden, bluefish Pomatomus saltatrix, and striped bass 

are all found in greater abundances near oyster reefs compared to habitats such as sand bars 

(Harding and Mann 2001). Many transient species including spotted seatrout Cynoscion 
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nebulosus, weakfish Cynoscion regalis, southern flounder Paralichthys lethostigma, and Spanish 

mackerel have been found to eat reef resident fish species (Lenihan et al. 2001). Striped bass 

frequent reefs to feed on benthic fishes (e.g., naked gobies) and crabs found in and around dead 

and live oysters (Breitburg 1999; Harding and Mann 2001). Juvenile striped bass also feed on 

naked goby larvae, one of the most abundant fish larvae in Chesapeake Bay tributaries during the 

summer (Breitburg 1999). Other fishes that feed on benthic invertebrates found on oyster reefs 

include spot Leiostomus xanthurus and black drum Pogonias cromis (Breitburg 1999).      

Fishes are not the only species that utilize oyster reefs as habitat. Numerous species of 

decapod crustaceans are also found on oyster reefs: Petrolisthes armatus, Panopeus spp., 

Eurypanopeus depressus, Menippe mercenaria, Alpheus heterochaelis and Palaemonetes pugio 

(Zimmerman et al. 1989; Wenner et al. 1996; Coen et al. 1999; Luckenbach et al. 2005; Tolley 

and Volety 2005; Tolley et al. 2005; Tolley et al. 2006). The xanthid crab Panopeus herbstii is a 

predator of the eastern oyster and is generally found along the boundaries of oyster reefs 

(McDermott 1960; McDonald 1982). In contrast, the flatback mud crab E. depressus is an 

omnivore that uses the narrow spaces between dead shells and living oysters as shelter from 

predation and to avoid desiccation (Grant and McDonald 1979; McDonald 1982). The porcelain 

crab P. armatus is also abundant in oyster clusters and among dead articulated shells, reaching 

up into the water column perched atop oyster clusters to filter feed (Caine 1975; Tolley and 

Volety 2005). Penaeid and caridean shrimp such as grass shrimp Palaemonetes spp. are also 

frequently found on oyster reefs and serve as an important trophic link in both detrital and higher 

food webs (Coen et al. 1999). Grass shrimp also probably use the reef in order to avoid predators 

(Posey et al. 1999). 

Many organisms use the oyster reef in varying ways. Benthic reef invertebrates, such as 

amphipods, are food for crabs and shrimps that then are eaten by resident and transient fish 

species. The oyster reef is also used as shelter by species such as resident mud crabs and grass 

shrimp that use the spaces in and around oysters to avoid predation.     

 

Stable Isotope Compositions 

Isotopes are forms of elements that have the same number of protons and electrons but 

different numbers of neutrons in the nucleus (Fry 2006; Sulzman 2007). Stable isotopes are those 

that have a similar number of neutrons and protons and thus are energetically stable and do not 

decay (i.e., not radioactive); in general, stable isotopes have a proton-to-neutron ratio of 1.5 or 
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less (Sulzman 2007). Most isotopes used in ecological research are dominated by lighter 

elements both because these are found most often in biological systems, and the percent increase 

in mass by the addition of a single neutron is greatest for these elements (Sulzman 2007).  

Isotope compositions are expressed using the “del” notation (δ), which denotes a 

difference measurement between isotope values of an element made relative to internationally 

accepted standards such as Vienna PeeDee Belemnite for carbon and air for nitrogen (Fry 2006; 

Sulzman 2007). The units of δ are “‰” or “per mil” (Fry 2006; Sulzman 2007). The isotope 

composition is given relative to the standard using the equation:  

  

where R is the ratio of heavy-to-light isotopes of the element in both sample and standard (Fry 

2006; Sulzman 2007). Multiplication by 1000 amplifies otherwise small differences measured 

between samples and standards (Fry 2006). In this study, the stable isotope compositions of 

carbon (13C/12C) and nitrogen (15N/14N) in a sample were determined (see below). 

Element Isotope Abundance % Relative mass 

difference % 

International 

Standard 

Absolute abundance 

of the standard 

(Rstandard) 

Carbon 12C 
13C 

98.892 

1.108 

8.3 Vienna PeeDee 

Belemnite 

13C:12C = 0.0112372 

Nitrogen 14N 
15N 

99.635 

0.365 

7.1 Atmospheric 

nitrogen (air) 

15N:14N = 0.0036765 

 

 Most δ values range between -100‰ and 50‰ for natural samples (Fry 2006). A positive 

δ value indicates that the sample has more of the heavy isotope compared to the standard, and a 

negative δ value indicates that the sample has less of the heavy isotope compared to the standard 

(Fry 2006; Sulzman 2007). Samples with higher δ values are enriched in the heavy isotope (or 

depleted in the light isotope) and thus are considered to be “heavier” (Fry 2006). In contrast, 

samples with lower δ values are depleted in the heavy isotope (or enriched in the light isotope) 

and are considered to be “lighter” (Fry 2006).   

 Stable isotopes are measured using an isotope-ratio mass spectrometer (irMS), an 

instrument that separates charged atoms or molecules based on their mass-to-charge ratio (Fry 

2006; Sulzman 2007). Using an elemental analyzer, a gas chromatograph, or a laser, samples are 

first combusted into a gas (CO2 and N2 in this study) that the isotope instrument can then easily 
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analyze (Fry 2006). Gas samples are then introduced into the mass spectrometer via the inlet 

system. A continuous-flow system carries samples via a helium stream through a 

chromatographic column, and each sample is measured once (Sulzman 2007). 

 The sample gas is then routed by a heated filament, where electrons are being released 

(Fry 2006; Sulzman 2007). Encounters between the electrons and the sample gas cause the gas 

molecules to become ionized, forming positively charged particles (Fry 2006; Sulzman 2007). 

The positively charged particles are then accelerated out to a flight tube via repulsion by an 

electric field (Fry 2006; Sulzman 2007). These particles form an ion beam that then enters the 

mass analyzer where a magnetic field separates the beam based on atomic mass, with the lighter 

isotope beam being bent more than the heavier isotope beam (Fry 2006; Sulzman 2007). The 

beams are then captured by the specialized Faraday cups of the ion detector that communicates 

with a computer to calculate the final isotope values (Fry 2006; Sulzman 2007).   

 Stable isotopes are especially useful in ecological studies focusing on food webs. Natural 

abundances of stable isotopes can be used as tracers and as a way of characterizing trophic 

structure. The measurement of naturally-occurring stable isotopes in an organism allows for the 

examination of the dietary organization in a food web (DeNiro and Epstein 1978, 1981; Gearing 

1991). Stable isotopes are used to determine both source and trophic level information, with 

sulfur and carbon isotopes typically used for source information (e.g., source of dietary carbon) 

and nitrogen isotopes used in trophic level information (i.e., trophic position) (DeNiro and 

Epstein 1978; Fry and Sherr 1984; Minagawa and Wada 1984; Post 2002; Michener and 

Kaufman 2007).           

 The isotopic composition of an organism is a reflection of the isotopic composition of its 

diet (DeNiro and Epstein 1978, 1981; Gearing 1991). In general, δ13C and δ15N are more 

positive (enriched) in organisms higher in the trophic level relative to their diet because 

consumers retain the stable isotope signatures of the foods they assimilate (i.e., you are what you 

eat) (DeNiro and Epstein 1978, 1981). This is also referred to as the trophic enrichment factor: 

 
depending on the isotope in question (Michener and Kaufman 2007). The carbon isotopic 

composition of animals reflects their diet within about 1‰, indicating a small enrichment in the 

heavier isotope (13C) in the animal relative to its diet (DeNiro and Epstein 1978; Michener and 

Kaufman 2007). There are several biological processes that can account for this enrichment in 

carbon: (1) loss of 12C during respiration, (2) uptake of 13C during digestion, or (3) metabolic 
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fractionation during synthesis of different tissue types (Michener and Kaufman 2007). The 

nitrogen isotopic composition reflects enrichment by 3-4‰ in the heavier isotope (15N) in the 

animal relative to its diet (DeNiro and Epstein 1981; Minagawa and Wada 1984; Michener and 

Kaufman 2007). Enrichment occurs due to excretion of 15N-depleted nitrogen, usually in the 

form of urea and ammonia (Michener and Kaufman 2007).   

Stable isotopic compositions can vary among different tissues within an organism. 

Differences can be due to a number of factors including lipid or amino acid composition and 

concentration, variation in turnover time, and rates of tissue turnover when an organism 

selectively feeds (Gearing 1991; McCutchan et al. 2003; Michener and Kaufman 2007). Isotopic 

composition can also change over time depending on changes in diet and in the rate at which 

more metabolically active tissues turn over (Gearing 1991; Michener and Kaufman 2007). 

Values of δ13C can be biased towards most recent feeding patterns, especially when dependent 

on the turnover rate of tissues sampled (Gearing 1991; Michener and Kaufman 2007). It has been 

recommended to sample the entire organism in order to get an integrated isotopic value, to 

sample several tissue types in order to determine variation within the organism, or to consistently 

sample one particular tissue within the organism (Michener and Kaufman 2007).     

Using stable isotopes to determine food web structure in an estuary can be difficult. 

When studying estuarine food webs systems, it is best to look at variables that could affect the 

food source at the base of the food web. Some of these variables include terrestrial vs. marine 

inputs to the system, seasonality, macrophyte type, and taxonomic changes in phytoplankton 

populations (Gearing 1991; Michener and Kaufman 2007). The variety of potential inputs found 

in estuarine systems often makes interpretation difficult. For example C3 terrestrial plants have 

δ13C signatures ranging from -23 to -30‰, seagrasses have δ13C signatures ranging from -3 to -

15‰, macroalgae have δ13C signatures ranging from -8 to -27‰, benthic algae have δ13C 

signatures ranging from -10 to -20‰, and marine phytoplankton have δ13C signatures ranging 

from -18 to -24‰ (Fry and Sherr 1984). Seasonality can also have an influence on the 

composition of stable isotopes in estuaries. Conkright and Sackett (1986) found that 

phytoplankton, particulate organic carbon (POC) and oysters were all lighter in δ13C during the 

rainy season. They determined that the phytoplankton shift was due to freshwater inputs of 

dissolved inorganic carbon into the system and that the POC and oyster shifts were due to the 

contribution of terrestrial plant organics into the system and/or the presence of smaller 

phytoplankton species during the rainy season (Conkright and Sackett 1986). 
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Many studies conducted in estuarine systems and have shown the usefulness of stable 

isotope analysis in ecology. Haines and Montague (1979) sampled stable carbon isotopes of 

major flora and fauna in a Georgia salt marsh and determined that δ13C values of invertebrates 

known to feed on Spartina closely matched the δ13C values of that plant, confirming it as a food 

source. Crabs and mussels in this same area were found to consume benthic diatoms and 

phytoplankton instead of Spartina (Haines and Montague 1979). Another study examined food 

sources and trophic relationships for the blue crab Callinectes sapidus based on water quality 

differences in two estuaries in North Carolina (Bucci et al. 2007). Results showed that blue crab 

δ15N values were elevated at sites with higher nitrate concentrations and that δ13C values 

increased with salinity (Bucci et al. 2007). The major food sources of the blue crab were 

determined to be vascular plant material and bivalves (Bucci et al. 2007). Several studies have 

looked at two or more sites within a system to determine if there are significant differences in 

isotopic signatures among the organisms and to identify potential causes. These differences in 

isotope signatures could be due to nutrient inputs at certain sites or to differences in carbon 

introductions from either benthic plants or phytoplankton (Fry and Parker 1979; Cesar Abreu et 

al. 2006). Fry and Parker (1979) showed that differences in isotope signatures between fauna of 

seagrass meadows and fauna of offshore and open bay areas may be due to the carbon 

contribution of benthic plants in food webs in seagrass meadows. Cesar Abreu et al. (2006) 

showed that higher nitrogen input into heavily polluted areas from sewage influences the isotope 

signatures of both primary producers and consumers.        

Much work has been done on the determination of food sources for oysters using stable 

isotopes. Oysters can feed on and utilize phytoplankton, benthic diatoms (microalgae), and 

terrestrial carbon (including detritus) (Conkright and Sackett 1986; Riera and Richard 1996; 

Hsieh et al. 2000; Decottignies et al. 2007; Fukumori et al. 2008; Malet et al. 2008). Oysters can 

also select among diverse sources of food when food choice is qualitatively and quantitatively 

limited (Conkright and Sackett 1986; Riera and Richard 1996; Decottignies et al. 2007). 

Decottignies et al. (2007) used carbon and nitrogen isotope compositions to determine that 

oysters qualitatively select for blooming microalgae over macrophyte detritus because it is a 

higher quality food source. Oysters shift back to macrophyte detritus during winter months when 

microalgae is not blooming. Conkright and Sackett (1986) used carbon isotope compositions to 

determine that oysters in Tampa Bay utilized both phytoplankton and terrestrial carbon and 

selectively fed on smaller plankton species during the rainy season. Oysters from the upper 
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estuary have been found to consume primarily terrestrial detritus, whereas oysters found in the 

lower estuary mainly feed on benthic microalgae because these were the predominant organic 

matter food sources in these areas (Riera and Richard 1996). Laboratory feeding experiments 

with the Pacific oyster Crassostrea gigas demonstrated that half lives of 13C and 15N were 7.7 

days and 15.1 days, respectively, and that the trophic shift for this species was about 1.9 for δ13C 

and 3.8 for δ15N (Dubois et al. 2007a). 

In Southwest Florida, seasons are determined as much by rainfall as by temperature. The 

climate in the region is subtropical with an average annual rainfall (Lee County) of 136 cm and 

with nearly two-thirds of this precipitation occurring during the wet season (Estero Bay Marine 

Laboratory Inc. 2004). Seasonal rains occur from mid-June to mid-October and may coincide 

with tropical weather systems that reduce salinities in the estuary (Tolley et al. 2005, 2006). 

During the dry season, increases in salinity occur in the downstream regions of the estuary 

(Tolley et al. 2005, 2006). Southwest Florida has experienced tremendous population growth 

over the past 20 years, which has caused an increase in development and a greater amount of 

runoff from the land into the watershed. With the combination of seasonal rains and increased 

runoff, estuarine communities such as oyster reefs and seagrasses can be greatly affected.      

Many organisms are found on oyster reefs including shrimp, crabs, and small fishes (Fig. 

30). These organisms find shelter and food on the reef and in turn provide food for transient 

species such as fishes that frequent oyster reefs. The oysters themselves may not be the primary 

food source, but they are filtering organic matter from the water column and depositing mucus 

laden particles that are then consumed by benthic organisms living on the reef (Newell 1988; 

Newell 2004). Little work has been done examining trophic transfer using stable isotope 

compositions within oyster-reef communities, including decapod crustaceans and fishes.  

 

RESEARCH GOALS AND OBJECTIVES 

 

The overall goal of this part of the project was to examine the habitat use of oyster reefs 

by resident organisms (decapods crustaceans and fishes). Specifically, habitat use of oyster reefs 

was determined by examining the spatial variation of the reef-resident community and trophic 

transfer within the reef using stable isotopes compositions. Stable carbon and nitrogen isotope 

compositions were used to establish food sources of different species that make use of oyster 

reefs as habitat and that may consume the oysters themselves. 
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MATERIALS AND METHODS 

 

Spatial variation of habitat use of oyster reefs by decapod crustaceans and fishes was 

determined using changes in community metrics at three locations in the Caloosahatchee estuary. 

Trophic transfer within oyster reefs using stable isotope compositions was examined in oyster 

reefs in Estero Bay. Given that the community composition of oyster reefs is similar for Estero 

Bay and the Caloosahatchee River and Estuary (Tolley et al., 2005, 2006), locations at the mouth 

of Estero River (a low flow river) and at the mouth of Mullock / Hendry Creek (high flow river) 

were used as study sites. These sites were chosen since they mimic dry years (low flow, high 

salinities, low variation) and wet years (high flow, low salinities, high variability) in the 

Caloosahatchee.   

 

Study Sites and Field Sampling: Habitat Use of Oyster Reefs. 

 In order to gauge the seasonal and spatial variability of oyster-reef assemblages, reef-

resident fishes and decapods were collected at three stations along the salinity gradient of the 

Caloosahatchee. Sampling was conducted during one seasonally dry (May) and one seasonally 

wet (September) month during 2008 and 2009 (4 sampling periods x 3 stations x 3 replicates). 

Stations consisted of an upper site located within the tidal river, a middle site located near the 

river mouth, and a lower site located downstream from the river mouth (Table 8). For each 

sampling effort (station and season) triplicate lift nets (Crabtree and Dean 1982) were deployed 

intertidally, just above mean low water, on living oyster reefs for a duration of approximately 30 

d. This contour typically contained the greatest living oyster densities as well as oyster clumps of 

greatest size. An area of bottom approximating the size of the lift nets (0.5 m2) was cleared of 

any oyster shell prior to net deployment. Replicate nets at each location were placed 5 m apart 

from one another. Lift nets were selected to target small reef and facultative residents (Breitburg 

1999). For more details on lift-net construction and deployment see Tolley et al. (2005, 2006).  

 During sampling, 0.5-m2 lift nets were filled with 3-L volume displacement of live oyster 

clusters collected from adjacent portions of the reef. The volume of oyster clusters used was 

within the range of ambient densities. No effort was made to remove existing fauna from these 

oyster clusters. Upon retrieval of the nets, oysters were removed and associated fishes and 

decapods were extricated using forceps. Any target organisms remaining in the net were 

removed by hand or by sweeping the lift net with a small dip net. Organisms were transported on 
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ice back to the laboratory for identification and all fishes and decapods were identified to the 

lowest taxon practical. 

 Salinity, temperature, dissolved oxygen, and pH were recorded upon lift-net deployment 

and retrieval. Provisional inflow data (CFS: ft3 s−1) for the river was collected by the U.S. 

Geological Survey and provided by the South Florida Water Management District through 

DBHYDRO 

(http://www.sfwmd.gov/portal/page/portal/xweb%20environmental%20monitoring/dbhydro%20

application), an online database. 

 

Study Sites: Trophic Transfer. 

 Estero Bay was designated Florida’s first aquatic preserve in 1966 and is located 

approximately 24 km south of Fort Myers and 26 km north of Naples, entirely within Lee 

County (FL Department of Natural Resources 1983). Surface waters comprise over 38 km2 and 

the drainage basin 758.5 km2 (FL Department of Natural Resources 1983). Estero Bay is 

supplied with freshwater by a number of small rivers and creeks, but since it is classified as a D-

type estuary, major flushing is through tidal forces (FL Department of Natural Resources 1983; 

Estero Bay Marine Laboratory Inc 2004). D-type estuaries are tidally-dominated, shallow, 

vertically and laterally unmixed and unstratified, and have no large inputs from rivers (Estero 

Bay Marine Laboratory Inc. 2004). The lower part of the estuary is mostly protected, but its main 

tributaries, which include the Estero River and Hendry and Mullock Creeks, are experiencing 

increasing development in the upper portions of their watersheds (Tolley et al. 2005, 2006).  

Two oyster reefs in Estero Bay were selected for this study, each experiencing different 

levels of freshwater inflow: one located near the mouth of the Estero River and the other located 

near the confluence of Hendry and Mullock Creeks (Fig. 31). The two sites were sampled 

quarterly starting in April 2008 and ending in February 2009 for a total of four sampling periods. 

Quarterly sampling was conducted to examine seasonal differences in trophodynamic 

relationships.   

 

 

Sampling Protocol 

Suspended particulate organic matter (POM), chlorophyll a, benthic microalgae, 

sediment, sinking POM, oysters, crabs, shrimp and fishes were sampled at each site during the 

http://www.sfwmd.gov/portal/page/portal/xweb%20environmental%20monitoring/dbhydro%20application�
http://www.sfwmd.gov/portal/page/portal/xweb%20environmental%20monitoring/dbhydro%20application�
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months of May, August/September, and November 2008 and in February 2009. Triplicate 

samples (excluding oysters) were collected during each sampling effort. Salinity, water 

temperature, dissolved oxygen (both concentration and percent saturation), and pH were 

recorded at each site during each sampling effort using a YSI multi-parameter sonde.  

   Chlorophyll a samples were also collected in clean (acid-washed) polycarbonate bottles 

and transported on ice back to the laboratory. Chlorophyll a samples were vacuum-filtered on 4.7 

cm Whatman GF/F glass microfiber filters, then stored in glass tubes in the dark at -20°C for 

subsequent analysis (Loh 2008). For the extraction of chlorophyll a pigments, a modified method 

from Parsons et al. (1984) was used. Sample tubes were filled with 8 mL of 90% HPLC-grade 

acetone and placed in a covered sonicating ice bath for 25 min, then covered in foil and stored at 

-20°C for 24 h (Loh 2008). The next day, sample tubes were centrifuged at 2500 rpm for 15 min 

at 5°C; the extracted sample was transferred to a cuvette, and absorbance from 450-750 nm was 

measured on a Cary 6000i UV-Vis-NIR Spectrophotometer (Loh 2008). Samples were then 

acidified with 3 drops of 0.1N HCl and absorbance from 450-750 nm was remeasured (Loh 

2008). Equations used for the calculation of concentration of chlorophyll a and phaeophytin a 

were from Lorenzen (1967). 

 

Organic Matter Sources Collection and Processing 

Organic matter sources included suspended POM, sinking POM, and benthic microalgae 

and were represented the base of the food chain in this community. Water samples for suspended 

POM were collected at each site in clean (acid-washed) polycarbonate bottles and then 

transported on ice back to the laboratory. In the lab, water samples were vacuum-filtered on pre-

combusted (500°C, 4h) 4.7-cm Whatman GF/F glass microfiber filters, dried at 60-65°C in an 

oven for at least 24 h, and stored in pre-combusted (500°C, 4 h) 20 mL glass scintillation vials at 

-20°C until further processing (Riera and Richard 1996; Loh et al. 2006; Decottignies et al. 

2007).       

Sediment traps for sinking POM as well as glass plates for benthic microalgae collection 

were deployed at each site for approximately 1 week. Upon retrieval, sediment traps were 

transported on ice back to the laboratory where particles were filtered onto pre-combusted 

(500°C, 4 h) 4.7 cm Whatman GF/F glass microfiber filters, dried at 60-65°C in an oven for at 

least 24 h, and stored in pre-combusted (500°C, 4 h) 20 mL glass scintillation vials at -20°C until 

further processing. Glass plates were transported on ice back to the laboratory where they were 
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thoroughly washed under water. Benthic microalgae were scraped from the plates onto pre-

combusted (500°C, 4 h) 4.7 cm Whatman GF/F glass microfiber filters and dried at 60-65°C in 

an oven for at least 24 h, then stored in pre-combusted (500°C, 4 h) 20 mL glass scintillation 

vials at -20°C until further processing. Surface sediment samples were also collected using 20 

mL glass scintillation vials and stored at -20°C until further processing.  

 

Oyster Collection and Processing 

Ten oysters were collected at each site and transported on ice back to the laboratory. 

Oysters were cleaned of epibionts and kept alive for 12 h in seawater prepared with deionized 

water and Instant Ocean® at the salinity of collection to allow for evacuation of their gut 

contents (Gearing 1991; Decottignies et al. 2007; Dubois et al. 2007b). Tissues from individual 

oysters were removed from the shells and stored in pre-combusted (500°C, 4 h) 20 mL glass 

scintillation vials at -20°C until further processing (Dubois et al. 2007b).  

 

Decapod and Fish Collection and Processing 

Lift nets were deployed at each site just below mean low water in the intertidal zone on 

living oyster reef for approximately 30 d per sampling effort (Tolley et al. 2005). Lift nets (1 m2) 

were constructed of 3.2 cm diameter PVC pipe frames and 6.4 mm delta-weave netting dipped in 

vinyl, with a net height of 0.5 m and a bottom made of 1.6 mm netting to prevent the escape of 

small organisms (Crabtree and Dean 1982; Tolley et al. 2005). During deployment, a 1 m2 area 

of the bottom was cleared of oyster shell and the net secured to the substrate with two 45 cm 

lengths of PVC attached to PVC T-fittings placed through a zip-tie loop on the net (Tolley et al. 

2005). Live oyster clusters of approximately 3 L volume displacement were collected from the 

adjacent reef area and placed in each net (Tolley et al. 2005). Upon net retrieval, oyster clusters 

were removed, placed in buckets, and sorted to collect any decapods or fishes from the clusters 

with the use of forceps. Any remaining decapods or fishes in the net and/or bucket were 

collected by hand or with the use of dip nets. All organisms were transported back to the 

laboratory and stored at -20°C until processed. Organisms were subsequently identified to the 

lowest taxonomic level practical, measured to the nearest 0.1 mm (standard length for fishes, 

carapace width for crabs, and carapace length for shrimps), and then stored in separate pre-

combusted (500°C, 4 h) 20 mL glass scintillation vials for each species at -20°C until further 

processing. 
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 Stable Isotope Sample Processing 

During processing, samples on filters were dried at 60–65°C in an oven for at least 24 h 

then underwent acid fumigation in a desiccator containing a small, pre-combusted (500°C, 4 h) 

jar of 12N HCl (Trace Metal grade) for at least 24 h. Filters were dried again at 60–65°C in an 

oven and then stored in pre-combusted (500°C, 4 h) 20-mL glass scintillation vials in a 

desiccator (Loh et al. 2006).     

Individuals from each species, sediment, and benthic microalgae were placed in separate, 

labeled pre-combusted (500°C, 4 h) 20-mL glass scintillation vials and freeze-dried for at least 

48 h. The samples were then ground to a fine powder using a clean (baked at 550°C) porcelain 

mortar and pestle and placed back in their individual vials. Both mortar and pestle were rinsed 

with deionized water, wiped with a Kimwipe, and then rinsed with 10% HCl and deionized water 

between samples. Once all samples for a site and month were ground, subsamples collected from 

each individual were weighed on pre-combusted (500°C, 4 h) aluminum dishes and dried at 60–

65°C in an oven for at least 24 h. Each sample was transferred to a pre-combusted (500°C, 4 h) 7 

mL glass scintillation vial and acidified with drops of 10% HCl (Trace Metal grade) to remove 

any carbonates (Boutton 1991; Gearing 1991; Loh et al. 2006). Vials were then placed in a fume 

hood on a hot plate set to 65°C to evaporate the acid for at least 12 h. All samples were dried 

again at 60–65°C in an oven and then stored in a desiccator (Loh et al. 2006).  

Micrograms (~1 mg for animal samples, ~30 mg for sediment samples, and ~3–5 mg for 

benthic microalgae samples) of the dried and acidified samples were weighed into clean (rinsed 

with acetone) 5x9 tin capsules and placed in a numbered 96 well plate. A small subsample of 

filters was weighed into clean (rinsed with acetone) 9x10 tin capsules and placed in a numbered 

96 well plate. The plates were sent to the University of California Davis Stable Isotope Facility 

for δ13C and δ15N analyses (Loh et al. 2006). The University of California Davis Stable Isotope 

Facility website (http://stableisotopefacility.ucdavis.edu) describes how samples for 13C and 15N 

isotopes were analyzed.   

 

STATISTICAL ANALYSIS. 

 

Community Composition 

In the laboratory, organisms were identified, measured to the nearest 0.1 mm (shrimp: 

carapace length; crabs: carapace width; fishes: standard length), and were weighed to the nearest 
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0.01 g wet mass (WM). Length-weight regressions calculated previously for each species were 

used to estimate biomass based on the mean size of each species collected in each sample.  

 Community metrics of decapods and fishes recruited to oyster reefs were examined: 

abundance, biomass, richness, diversity (H’: Shannon Index), and dominance (% occurrence of 

the most abundant species). These response variables were examined using a General Linear 

Model with season (wet vs. dry) and station (upper, middle, lower) as factors. Homogeneity of 

variance was tested using the Levene statistic with significant differences (P ≤0.05) being 

resolved using multiple comparison tests according to Day and Quinn (1989): Fisher’s Least 

Significant Difference in cases of equal sample size and equal variance; Hochberg’s GT2 method 

in cases of unequal sample size but equal variance; and the Games-Howell test in cases of 

unequal variance. 

 Multivariate analyses of samples (replicates) from different stations and different times 

(months) were performed using PRIMER (Plymouth Routines in Multivariate Ecological 

Research). Although the statistical routines used were nonparametric, all abundance data were 

square-root transformed prior to analysis to downweight the influence of the most common 

species (Clarke and Warwick 2001). Cases in which a species was represented by a single 

occurrence were considered sufficiently rare such that the species was omitted from further 

statistical analysis. Further data reduction was not considered as it has not been shown to alter 

the conclusions made using non-reduced data (Walters and Coen 2006). 

 Multidimensional scaling (MDS) was employed to search for natural groupings among 

samples. This statistical tool is based on Bray-Curtis similarity matrices and has been 

recommended for use in examining communities structured by environmental gradients (Clarke 

and Warwick 2001). MDS plots were not considered useful for interpretation if associated 

stress values were >0.2.  

 Analysis of similarities (ANOSIM), a nonparametric analog of analysis of variance, was 

used to test for a priori groupings of samples (Clarke 1993). When ANOSIM was used, global 

tests were considered significant at P ≤0.05. Pairwise tests between stations were interpreted 

primarily using the absolute value of the associated R statistic (i.e., a value approaching 1 

indicates a difference between stations and an R close to 0 indicates no difference) as well as the 

adjusted P value (Clarke and Warwick 2001). Relative contributions of individual species to 

within group similarities as well as between-group dissimilarities were examined using similarity 

percentages (SIMPER). 
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Trophic transfer - Stable isotope composition. 

Isotope data were analyzed using Principal Component Analysis after determining that 

the data was normally distributed based on the Kolmogorov-Smirnov test (SPSS 16.0).  

 

RESULTS 

 

Oyster-reef Habitat Use: Caloosahatchee River and Estuary 

 

Commensal Organisms 

 Of the 3,867 specimens collected, decapod crustaceans dominated numerically (Table 9). 

A total of 12 species of decapods were identified, with the flatback mud crab Eurypanopeus 

depressus and the green porcelain crab Petrolisthes armatus comprising 85% of the total 

organisms collected. The bigclaw snapping shrimp Alpheus heterochaelis and mud crabs of the 

genus Panopeus were also found commonly on Caloosahatchee oyster reefs. Fishes were equally 

diverse with 11 species represented but were, in general, much less abundant (4.5% of the total) 

than decapods. The gobies Gobiosoma robustum and G. bosc along with the Florida blenny 

Chasmodes saburrae were the most abundant fishes sampled (Table 9).  

 

Community Metrics 

 Significant seasonal variation in both organism abundance and biomass was detected for 

Caloosahatchee oyster reefs. Organism abundance tended to be greater upstream (upper and 

middle stations) during the dry season and greatest at the middle station during the wet season 

(F[2,31] = 8.4, p = 0.001; Fig. 32). Mean abundance was greatest at the middle station for both 

seasons. In contrast, biomass was greater at the lower station during the dry season and increased 

downstream during the wet (F[2,31] = 9.6, p = 0.001; Fig. 33). No seasonal differences in 

organism abundance or biomass were detected.  

 Measures of biodiversity for oyster-reef commensals also exhibited clear spatial and 

temporal trends. Although species richness did not differ significantly among stations (Fig. 34), 

diversity (F[2,31] = 28.0, p , 0.001) and dominance (F[2,31] = 36.2, p < 0.001) did, both 

indicating greater diversity downstream. Diversity (Shannon Index) was greatest at the lower 

station during the dry season and increased downstream during the wet (Fig. 35). Dominance, 

which is inversely related to biodiversity, was reduced at the lower station during the dry season 
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and decreased downstream during the wet (Fig. 36). Although species richness did not vary 

among stations, richness was greater during the dry season compared to wet (F[1,31] = 5.2, p 

=0.03; Fig. 34). Correspondingly, dominance was also lower during the dry season (F[1,31] = 

4.5, p = 0.04). No seasonal difference was detected for the Shannon Index.  

 

Community Structure 

 Two-way crossed analysis of similarity (season x station) indicated significant variation 

in oyster-reef assemblages within the Caloosahatchee. Assemblages were spatially distinct from 

one another (global R = 0.808, p < 0.001), with the upper and middle station being well separated 

from the lower station (upper, middle: R = 0.724, p < 0.001; upper, lower: R = 0.876, p < 0.001; 

middle, lower: R = 0.890, p < 0.001). Assemblages were also temporally distinct from one 

another (global R = 0.332, p < 0.001); however, the low associated R values suggest considerable 

overlap in community structure between seasons. 

 To further investigate potential seasonal differences, data were segregated by season and 

reexamined using MDS and ANOSIM. Multidimensional scaling revealed that Caloosahatchee 

samples grouped according to station regardless of season. One-way ANOSIM indicated that 

Caloosahatchee samples segregated by station during both seasons (dry: global R = 0.734, p < 

0.001; wet: global R = 0.891, p < 0.001). During the dry season the upper and middle stations 

were well separable from the lower station (Fig. 37; upper, lower: R = 0.774, p < 0.002; middle, 

lower: R= 0.872, p < 0.002), and although samples from the upper and middle stations 

overlapped  (upper, middle: R = 0.622, p < 0.002), they were still separable. During wet months 

the stations were well separable from one another (Fig. 38; upper, middle: R = 0.826, p < 0.002; 

upper, lower: R = 1.000, p < 0.002; middle, lower: R = 0.912. p < 0.002).  

 

Community indicators 

 Similarity and dissimilarity percentages (SIMPER: two-way crossed) were used to 

identify species within each estuary that typified a station or that could be used to discriminate 

among stations (Tables 10-11). Total similarity was comparable among stations (Table 10). 

Species typifying the upper station included Eurypanopeus depressus, Gobiosoma robustum, and 

Alpheus heterochaelis; those typifying the middle station included E. depressus, Petrolisthes 

armatus, and G. robustum; and those typifying the lower station included E. depressus, P. 

armatus, and A. heterochaelis. The greatest between-station dissimilarity occurred between 
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upper and lower stations (Table 11). Discriminating species included P. armatus, which was 

normally absent upstream and could therefore be used to distinguish the upper station from those 

downstream, and E. depressus, which was more abundant upstream (Table 11). Many of the 

same species were present on oyster reefs, regardless of season, but several were more abundant 

during the wet season: E. depressus, P. armatus, and A. heterochaelis.          

 

Environmental Considerations 

 Significant main effects of season and station on salinity were detected using GLM. 

Salinity (estimated marginal mean) was higher during the dry season (40.22 ± 1.45‰) compared 

to wet months (17.03 ± 1.45‰) (F[1,18] = 127.2, p < 0.001); and salinity was significantly 

reduced at stations upstream (upper: 22.66 ± 1.78‰; middle: 27.36 + 1.78‰) compared to the 

lower (35.85 ± 1.78‰) (F[2,18] = 14.1, p < 0.001) (Table 8). Significant interaction was 

detected (F[2,18] = 4.9, p = 0.02).  

 Water temperature (estimated marginal mean) was higher during the wet season (31.07 ± 

0.88°C) compared to dry (26.72 ± 0.88°C) (F[1,18] = 12.4, p = 0.002) (Table 8). No significant 

station or interaction effects were detected. Although no significant main effects (season and 

station) were detected on dissolved oxygen concentration, pH did vary by season, with values 

(estimated marginal mean) higher during the wet season (8.44 + 0.19) compared to dry (7.75 + 

0.19) (F[1,18] = 6.8, p = 0.17) (Table 8). No significant spatial variation in pH was detected.  

 

Oyster-reef Trophodynamics: Estero Bay 

 

Trophic Transfer – Water Quality 

 Overall, water temperature was highest at both Estero sites during the month of 

September and lowest during the month of November (Table 12). Salinity was highest during the 

month of May, the end of the dry season, and lowest during the month of September (wet 

season) at both sites. Dissolved oxygen was lowest during the month of September and highest 

during the month of February at both sites, most likely due to a water temperature effect. 

Chlorophyll a was lowest during the month of November at the Hendry/Mullock Creeks site and 

during the month of May at the Estero River site. Chlorophyll a was highest during the month of 

September at both sites, most likely due to higher levels of freshwater inflow during this time.  
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Freshwater inflow from the Estero River varied considerably from January 2008 through 

February 2009, with average values ranging from 0.1 m3 s-1 in January 2008 to 1.41 m3 s-1 in 

August 2008 (Fig. 39) (USGS National Water Information System). Discharge data was also 

available for Ten Mile Canal, a major contributor to outflow in Mullock Creek, during the study 

period. Ten Mile Canal average inflow ranged from 0.09 m3 s-1 in February 2008 to 10.27 m3 s-1 

in July 2008 (Fig. 10) (USGS National Water Information System). Flow rates at both sites were 

noticeably higher during the months of July, August, September, and October and much lower 

during other months of the year.  

 

Decapod and Fish Abundances 

 At the Estero River site, 1,823 individuals were collected, representing 21 species (Table 

13). At the Hendry/Mullock Creeks site, 15 species were collected with a total of 462 individuals 

(Table 3). Species in common for both sites were the snapping shrimp Alpheus heterochaelis; the 

crabs Panopeus simpsoni, Eurypanopeus depressus, Petrolisthes armatus, and Libinia sp.; and 

the fishes Opsanus beta, Gobiosoma robustum, Archosargus probatocephalus, Chasmodes 

saburrae, and Bathygobius soporator. Species found only at the Estero River site included the 

shrimps Palaemonetes pugio, Palaemonetes vulgaris, and Palaemonetes floridiana; the crabs 

Panopeus lacustris, Menippe mercenaria, and Rhithropanopeus harrisii; and the fishes 

Orthopristis chrysoptera, Lutjanus griseus, Lutjanus synagris, and Achirus lineatus (Table 13). 

Species found only at the Hendry/Mullock Creeks site included the fishes Gobiosoma bosc, 

Lophogobius cyprinoides, Gobiesox strumosus, and Lupinoblennius nicholsi (Table 13).  

The abundance of individuals collected during each sampling period ranged from 272 in 

May 2008 to 820 in September 2008 at the Estero River site and from 90 in February 2009 to 

146 in May 2008 at the Hendry/Mullock Creeks site. Of the twenty-one species collected at the 

Estero River site, only seven were found every sampling period (Table 13). The most abundant 

species collected during this study was the green porcelain crab Petrolisthes armatus 973 

individuals). Of the fifteen species collected at the Hendry/Mullock Creeks site, only four were 

found every sampling period (Table 13). The most abundant species collected during this study 

was the flatback mud crab Eurypanopeus depressus (263 individuals).  

 

Isotope Analysis 

Estero River 
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 Fishes and shrimp were more enriched in δ15N, ranging from 2.5‰ to 4.4‰, compared to 

crabs and oysters for all sampling periods at the Estero River site. Enrichment in δ13C was not as 

clear in fishes, shrimp, crabs, and oysters. Organic matter sources were depleted in δ15N 

compared to all other samples and, with the exception of surface sediments, was depleted in δ13C 

when compared to crabs, shrimp, and fishes (Table 14). Surface sediments at this site were all 

enriched in δ13C and were not used in the analysis of trophic transfer (-12.42‰ to -6.16‰; see 

Discussion).  

In May 2008, fishes and shrimp were more enriched in δ15N (6.42‰ to 8.19‰) compared 

to crabs and oysters (3.27‰ to 5.62‰) (Fig. 40; Table 14). In September 2008, organic matter 

sources were depleted in δ13C (-25.61‰ and -21.64‰) compared to all other samples, which 

ranged from -22.38‰ to -17.34‰ (Fig. 41; Table 14). Fishes were more enriched in δ15N 

(6.90‰ to 7.30‰) compared to crabs, oysters, and shrimp (3.68‰ to 6.42‰) (Fig. 41; Table 

14). In November 2008, fish were more enriched in δ15N (7.31‰ to 9.45‰) compared to oysters, 

crabs, and shrimp (4.01‰ to 6.26‰) (Fig. 42; Table 14). Sinking POM had similar δ15N and 

δ13C compositions as crabs and shrimp (1.09‰ and -23.43‰, respectively) (Fig. 42; Table 14). 

In February, fishes and shrimp were more enriched in δ15N (6.87‰ to 9.67‰) compared to 

oysters and crabs (4.24‰ to 5.91‰) (Fig. 43; Table 14). Organic matter sources had a wide 

range of δ13C values, from -22.59‰ to -12.75‰, with sinking POM having δ13C compositions 

similar to sediment (-12.75‰ and -12.42‰, respectively) (Fig. 43; Table 14).  

Distinct trophic levels can be identified based on average δ15N values because animals 

are enriched by 3‰ in the heavier isotope (15N) compared to their diet. Overall, fishes and 

shrimp are at the highest trophic level and are considered secondary consumers, followed by 

crabs and oysters as primary consumers, with organic matter sources at the lowest trophic level. 

In September and November, shrimp occupied the same trophic level as crabs and oysters. In 

November, sinking POM was at the same trophic level as the oysters, crabs and shrimp. 

Although sinking POM was also at this second trophic level, the other two organic matter 

sources (suspended POM and benthic microalgae) were at the lowest trophic level. In February, 

with the exception of the benthic microalgae that had an average δ15N value that was similar to 

the crabs Petrolisthes armatus and Eurypanopeus depressus, the organic matter sources were at 

the lowest trophic level. 

Animals are enriched by about 1‰ in the heavier isotope (13C) compared to their diet. 

Thus, based on the δ13C values, the carbon sources for fishes were determined to be from other 
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fishes, shrimp, crabs, worms, oysters, benthic microalgae, and suspended POM (Figs. 40-43). 

Carbon sources for shrimp species were from other shrimp, worms, amphipods, crabs, sinking 

POM, suspended POM, and benthic microalgae (Figs. 40-43). Carbon sources for crab species 

were from other crabs, shrimp, oysters, worms, amphipods, benthic microalgae, sinking POM, 

and suspended POM (Figs. 40-43). The carbon sources for oysters were from benthic 

microalgae, sinking POM, and suspended POM (Figs. 40-43).      

 

Hendry/Mullock Creeks 

 At the Hendry/Mullock Creeks site, fishes and shrimp were more enriched in δ15N, with 

an average range of 1.1‰ to 3.9‰, relative to crabs and oysters for all sampling periods. 

Organic matter sources, crabs, shrimp and fishes all had similar δ13C values, with an average 

range of -25.3‰ to -24.9‰, but oysters were less enriched at -27.5‰. Organic matter sources 

were depleted in δ15N compared to all other samples and with the exception of surface 

sediments, was depleted in δ13C when compared to crabs, shrimp, and fish (Table 15). Surface 

sediments at this site were all enriched in δ13C and were not used in the analysis of trophic 

transfer (-16.65‰ to -9.66‰; see Discussion).   

In May 2008, fishes were more enriched in δ15N (7.95‰ to 9.15‰) compared to crabs, 

shrimp and oysters (3.34‰ to 5.65‰) (Fig. 44; Table 15). Organic matter sources all had similar 

δ15N values, ranging from 2.81‰ to 3.14‰, but their δ13C values varied widely, ranging from -

26.61‰ to -22.21‰ (Fig. 44; Table 15). In September 2008, fishes were more enriched in δ15N 

(7.64‰ to 8.74‰) compared to oysters, shrimp, and crabs (4.02‰ to 6.09‰) (Fig. 45; Table 

15). Organic matter sources ranged from -28.69‰ to -20.84‰ for δ13C and from 1.09‰ to 

2.73‰ for δ15N (Fig. 45; Table 15). In November 2008, fishes were more enriched in δ15N 

(8.10‰ to 9.41‰) compared to oysters (4.79‰ for spat to 5.54‰ for adults) and to crabs and 

shrimp (4.46‰ to 6.62‰) (Fig. 46; Table 15). Organic matter sources showed a wide variation 

in δ15N values ranging from 0.69‰ to 3.10‰ and a similar variation in δ13C values ranging from 

-27.14‰ to -24.95‰ (Fig. 46; Table 15). In February 2009, the majority of fishes had similar 

values for δ15N and δ13C ranging from 9.20‰ to 10.24‰ and -25.56‰ to -23.88‰, respectively, 

but Opsanus beta differed with a δ15N value of 7.34 and a δ13C value of -19.56‰ (Fig. 47; Table 

15). Crabs, oysters, and shrimp had a wide variation in δ15N and δ13C values ranging from 

5.00‰ to 7.32‰ and -27.29‰ to -22.27‰, respectively (Fig. 40; Table 15). Organic matter 
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sources also exhibited wide variation with δ15N values ranging from 2.31‰ to 5.71‰ and δ13C 

values ranging from -26.20‰ to -25.00‰ (Fig. 40; Table 15).  

Based on average δ15N values, fishes occupied the highest trophic level as secondary 

consumers, followed by oysters, crabs and shrimp as primary consumers, and organic matter 

sources at the lowest trophic level. Distinctions among trophic levels are not as clear in February 

as in previous months due to several similar δ15N values. Most of the fish species occupied the 

highest trophic level as secondary consumers except for Opsanus beta, which had similar δ15N 

values as the shrimp Alpheus heterochaelis. Oysters, crabs and shrimp occupied the next highest 

trophic level as primary consumers, and the organic matter source sinking POM had a similar 

δ15N value to the crab Eurypanopeus depressus. The organic matter sources suspended POM and 

benthic microalgae occupied the lowest trophic level.   

Based on the δ13C values, carbon sources for fishes were determined to be from other 

fishes, shrimp, crabs, oysters, suspended POM, sinking POM, benthic microalgae, amphipods, 

and worms (Figs. 44-47). Carbon sources for shrimp species were determined to be from crabs, 

sinking POM, suspended POM, benthic microalgae, amphipods, and worms (Figs. 44-47). 

Carbon sources for crab species were determined to be from shrimp, other crabs, oysters, worms, 

benthic microalgae, suspended POM, and sinking POM (Figs. 44-47). Carbon sources for oysters 

were determined to be from suspended POM and sinking POM (Figs. 44-47).    

 

Principle Component Analysis            

 Principle component analysis (PCA) was used to identify trends in stable isotope data. 

Only nine sample types were found at both sites during all sampling periods, so only these were 

used in the analysis: sediment (Sed), sinking particulate organic matter (SinkPOM), suspended 

particulate organic matter (SuspPOM), benthic microalgae (BMA), oysters (Oyster), 

Eurypanopeus depressus (Eurypanopeus), Petrolisthes armatus (Petrolisthes), Alpheus 

heterochaelis (Alpheus), and Opsanus beta (Opsanus). Because sediment samples had isotope 

values that differed greatly from all other samples, PCA was run a second time excluding 

sediment samples to determine how much the inclusion of sediment samples influenced the 

analysis.  

Using PCA, the δ13C values for all samples including sediment were described by two 

factors that together explained 82.4% of the variance (Factor 1: 71.3%; Factor 2: 11.1%; Fig. 48 

a and b). Loadings for Factor 1 were most positive for Alpheus, Eurypanopeus, and Oyster, with 
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Sed being the least positive (Fig. 48a). All Estero River samples had positive scores for Factor 1, 

whereas all Hendry/Mullock Creeks samples had negative scores (Fig. 48b). Loadings for Factor 

2 were most positive for Sed and most negative for Petrolisthes and Opsanus (Fig. 48a). Estero 

River November 2008 and Hendry/Mullock Creeks September 2008 and November 2008 

samples had the most positive scores for Factor 2, whereas Hendry/Mullock Creeks February 

2009 and May 2008 samples had the most negative scores along Factor 2 (Fig. 48b). Loadings 

indicated that all samples had similar δ13C values except for sediment. Scores indicated that δ13C 

values for Hendry/Mullock Creeks were distinct from δ13C values of Estero River.  

The δ13C values for all samples excluding sediment were described by two factors that 

together explained 87.2% of the variance (Factor 1: 78.7%; Factor 2: 8.5%). Loadings for Factor 

1 were most positive for Alpheus, Eurypanopeus, and Oyster and least positive for SinkPOM 

(Fig. 49a). All Estero River samples had positive scores for Factor 1, whereas all 

Hendry/Mullock Creeks samples had negative scores for Factor 1 (Fig. 49b). Loadings for Factor 

2 were most positive for SinkPOM and most negative for Opsanus (Fig. 49a). Samples collected 

from Hendry/Mullock Creeks in February 2009 and from Estero River in September 2008 had 

the most negative scores for Factor 2 while Hendry/Mullock Creeks in September 2008 and 

Estero River in February 2009 samples had the most positive scores (Fig. 49b). Loadings 

indicated that δ13C values for SuspPOM, Oyster, Alpheus, Eurypanopeus, and Petrolisthes were 

more similar to one another based on their ordination compared to the other samples. Scores 

indicated that δ13C values for Hendry/Mullock Creeks were distinct from δ13C values for Estero 

River. Loadings and scores for all samples excluding sediment were different from the loadings 

and scores for all samples including sediment.           

The δ15N values for all samples including sediment were described by two factors that 

together explained 68.2% of the variance (Factor 1: 47.8%; Factor 2: 20.4%). Loadings for 

Factor 1 were most positive for Alpheus and most negative for SuspPOM (Fig. 50a). The 

Hendry/Mullock Creeks in February 2009 sample had the most positive score for Factor 1, 

whereas the Estero River in September 2008 sample had the most negative score (Fig. 50b). 

Loadings for Factor 2 were most positive for SuspPOM and BMA and most negative for 

Opsanus and Oyster (Fig. 50a). The Estero River in May 2008 and Hendry/Mullock Creeks in 

February 2009 samples had the most positive scores for Factor 2, whereas the Hendry/Mullock 

Creeks in November 2008 sample had the most negative scores (Fig. 50b). Loadings indicated 

that δ15N values for Opsanus and Oyster are similar to one another and Petrolisthes and 
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Eurypanopeus have similar δ15N values. Scores indicated that δ15N values for both sites were 

similar to each other based on sampling date: May samples had similar δ15N values, February 

samples were similar to one another, etc.      

The δ15N values for all samples excluding sediment were described by two factors that 

together explained 70.3% of the variance (Factor 1: 47.3%; Factor 2: 23.0%). Loadings for 

Factor 1 were most positive for Alpheus and most negative for SuspPOM (Fig. 51a). The 

Hendry/Mullock Creeks in February 2009 sample had the most positive score for Factor 1, 

whereas the Estero River in September 2008 sample had the most negative score (Fig. 51b). 

Loadings for Factor 2 were most positive for SuspPOM and BMA and most negative for 

Opsanus and Oyster (Fig. 51a). The Estero River in May 2008 and Hendry/Mullock Creeks in 

February 2009 samples had the most positive scores for Factor 2, whereas the Hendry/Mullock 

Creeks in November 2008 sample had the most negative score (Fig. 51b). Loadings and scores 

for all samples excluding sediment were similar to loadings and scores for all samples including 

sediment.   

Overall, the inclusion of sediment samples in the analyses influenced the loadings and 

scores for δ13C but not for δ15N. Similarities in δ13C values were separated based on site, but all 

samples had similar values overall. Similarities in δ15N values were separated based on sampling 

period. Although primary consumers had similar δ15N values, the secondary consumer (Opsanus) 

had a δ15N value similar to oysters. 

 

DISCUSSION  

 

Oyster-reef Habitat Use: Caloosahatchee River and Estuary 

. 

The assemblage of fishes and decapods crustaceans collected in association with oyster 

clusters is similar to those collected in temperate waters (Breitburg 1999, Coen et al. 1999, Posey 

et al. 1999) and has been described previously by Tolley et al. (2005, 2006). The mud crab 

Eurypanopeus depressus was by far the most abundant species encountered at all three stations 

followed by the green porcelain crab Petrolisthes armatus at the middle and lower stations. 

Although nekton were not targeted for sampling in this study, juveniles of a number of 

commercially and recreationally important species were present in or around oyster clusters 

including commercial shrimps Farfantepenaeus sp., Florida stone crab Menippe mercenaria, 
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gray snapper Lutjanus griseus, sheepshead Archosargus probatocephalus, and pinfish Lagodon 

rhomboides.        

 Some of the species identified were sampled from all stations under a wide range of 

salinities (e.g., Farfantepaeus sp., E. depressus, Alpheus heterochaelis, Panopeus simpsoni, 

Opsanus beta, Chasmodes saburrae, and Gobiosoma robustum. Others exhibited more restricted 

distributions; for example, P. armatus and M. mercenaria were more abundant at the 

downstream stations, and G. robustum was more abundant at the upper station. 

 Organism abundance was greater at the upper and middle stations during the dry season 

but was greater at the middle stations during wet months, and biomass was greater at the lower 

stations, at least during the dry season. Measures of biodiversity (H’ and % dominance) 

suggested that diversity increased downstream.       

 The results of multivariate analysis suggest that assemblages of fishes and decapod 

crustaceans inhabiting oyster reefs in the Caloosahatchee River and Estuary are shaped partly by 

salinity, with distinct communities occurring at different locations along the salinity gradient. 

Even though differences in community structure were greatest during wet months, when the 

salinity gradient was fully expressed, these differences persisted into the dry season. The greatest 

among-station segregation (MDS) occurred between samples collected from the lower station 

and those upstream, which tended to group together and exhibit considerable overlap in 

ordination space, a pattern that was prevalent during wet months. Community structure was most 

dissimilar between the upper and lower stations.  

 Salinity gradients have previously been identified as important spatial determinants of 

community structure in fishes and macroinvertebrates. Weinstein et al. (1980), examining marine 

nekton in coastal marsh habitats, Ysebaert and Herman (2002), examining benthic macrofauna, 

and Jaureguizar et al. (2004), examining fish communities, all concluded that the estuarine 

salinity gradient present played an important role in shaping community structure. More 

specifically, Gorzelany (1986) noted a “nearshore/offshore trend” in oyster reef communities, 

with samples collected from nearshore stations in different estuaries being more similar to one 

another than were samples collected from nearshore and offshore stations within the same 

estuary: this trend was attributed to observed differences in salinity. In contrast, the influence of 

salinity may be less important than depth and sediment characteristics (i.e., silt-clay content, total 

organic carbon, and xenobiotic contaminants) in structuring benthic infaunal communities 

(McRae et al. 1998). Tsou and Matheson (2002) suggested that cyclical patterns in community 
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structure observed in the Suwannee River estuary were related in part to seasonality in river 

discharge, and studies have documented changes in estuarine communities resulting from 

increased rainfall associated with El Niño events (Garcia et al. 2004) and tropical weather 

systems (Boesch et al. 1976).  

 Eby and Crowder (2004) explained spatial variation in community structure of estuarine 

nekton in terms of gradients in dissolved oxygen. Lenihan et al. (2001) noted that hypoxic or 

anoxic conditions were not only responsible for increased mortality of crustaceans inhabiting 

oyster reefs of limited vertical relief but also for an influx of fishes onto reefs of high vertical 

relief to escape oxygen stress. Although both of these effects would alter oyster-reef community 

structure, dissolved oxygen concentration did not vary significantly among stations in our study, 

and hypoxia was not encountered.  

 Increased energetic costs and declines in performance resulting from reduced salinities 

have been reported for estuarine species (e.g., Pérez-Pinzón and Lutz 1991; McGaw and Reiber 

1998; Anger et al. 2000). Any avoidance of low salinity habitats due to such penalties would be 

expected to affect community structure both spatially and temporally, when the sites are 

impacted by pulses of freshwater. Van Horn and Tolley (2009) reported that E. depressus is able 

to adapt quickly to sudden salinity dilution under laboratory conditions; nonetheless, Walls 

(2006) reported an increase in oxygen consumption rates for this species when subjected to dilute 

salinity (5‰). Similarly, oxygen consumption rates have been demonstrated to increase with 

decreasing salinities for the xanthid Panopeus herbstii (Dimock and Groves 1975; Shumway 

1983) and for the porcellanid Petrolisthes armatus (Shumway 1983). Furthermore, Van Horn et 

al. (2010) reported elevated expression of the peroxiredoxin stress gene EdPrx-1 in E. depressus 

upon exposure to acute salinity stress (10‰).    

 Increased freshwater inflow might also indirectly influence oyster-reef communities by 

altering the quality of oyster-reef habitat. May (1972) noted significant oyster mortality in the 

field when salinity dropped below 2‰ for a period of weeks, and La Peyre et al. (2003) reported 

that cumulative mortality in the laboratory was higher during the summer for oysters exposed to 

freshets (0–1‰) compared to control oysters (20‰). May (1972) further noted reduced oyster 

densities on reefs in upper Mobile Bay, which is subjected to severe freshets, compared to those 

downstream. In contrast, Bergquist et al. (2006) reported that percent cover and oyster density 

were negatively correlated with salinity in the Suwannee River and suggested that increased 

predation and incidence of parasitism associated with higher salinities were responsible. Thus, 
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depending on the estuary, the development of oyster-reef habitat is likely best at sites 

experiencing intermediate salinities where oyster growth and survival are optimal. These results 

suggest that reduced salinities, occurring upstream or as a result of high freshwater inflow, have 

the potential to alter the habitat value of oyster reefs for commensal organisms by increasing 

oyster mortality and reducing oyster density. Such changes would not only affect microhabitat 

within oyster clusters (e.g., availability of oyster boxes) but also increase the patchiness of oyster 

reef habitat. Furthermore, based on multivariate analysis, Tolley et al. (2006) suggested that 

“reduced salinities might act not only to shape oyster-reef communities but also to stress 

communities at sites that experience high levels of freshwater inflow.” 

  

Habitat use – trophic dynamics. 

The objective of this study was to determine oyster reef trophic dynamics by 

investigating isotopic composition of reef-resident decapod crustaceans and fishes and their 

possible food sources, including oysters and see how freshwater inflow may affect trophic 

dynamics within the oyster reef community. Many investigators used δ13C and δ15N isotope 

values to determine both the source of carbon for an organism and its trophic level (DeNiro and 

Epstein 1978, 1981; Minagawa and Wada 1984; Peterson and Fry 1987). Based on δ13C and δ15N 

values obtained in this study, reef-resident organisms are consuming other organisms found on 

the reef and/or primary producers and detrital organic matter on the reef. Since sediment samples 

were greatly enriched compared to other samples in this study they were not used in the 

interpretation of trophic dynamics.   

 

Trophic Dynamics: Estero Bay 

Decapods 

 Both Eurypanopeus depressus and Petrolisthes armatus were the most abundant species 

found on oyster reefs in Estero Bay both in this study and in previous work by Tolley et al. 

(2005, 2006). In the current study, E. depressus was more abundant at the Hendry/Mullock 

Creeks site and P. armatus was more abundant at the Estero River site. P. armatus is a 

stenohaline crab and has a low tolerance to reduced salinity compared to E. depressus, a 

euryhaline species (Shumway 1983). Because salinity was generally higher at the Estero River 

site, the greater abundance of P. armatus there was not unexpected. Eurypanopeus depressus is 

an omnivore and consumes primarily algae and detritus, with gut contents including shell 
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fragments, polychaete setae, and pieces of crustacean exoskeleton (McDonald 1982). This 

species has also been known to feed on oyster spat and bivalves (McDermott 1960; Milke and 

Kennedy 2001). Stable carbon isotope values indicated that the food source for E. depressus was 

other crabs, sinking POM, benthic microalgae, worms, and shrimp; these results are consistent 

with known food sources identified by other investigators. In contrast, P. armatus primarily 

sweeps seston from the water column and its stable carbon isotope values indicated that its food 

source was sinking POM, benthic microalgae, and suspended POM. This species is able to feed 

directly on benthic microalgae by scraping shells with its chelae and moving the material to its 

mouths (Caine 1975).  

Alpheus heterochaelis is another abundant organism found on oyster reefs in this study. 

This shrimp uses its big-claw to stun or even kill small prey such as grass shrimp and gobies 

(Hazlett 1962; Herberholz and Schmitz 1998). Stomach contents have included vascular plant 

detritus, inorganic particles, copepods, and amphipods, indicating an omnivorous feeding regime 

(Williams 1984). Nolan and Salmon (1970) reported that, in the laboratory, this species will 

graze on algae attached to shells. Food sources for A. heterochaelis identified in the current study 

included benthic microalgae, worms, sinking POM, grass shrimp, suspended POM, and 

amphipods.               

The δ13C values determined in this study indicated that the crabs Panopeus spp., 

Panopeus simpsoni, and Menippe mercenaria were feeding directly on oysters. These species are 

known to consume oysters and other bivalves (Menzel and Hopkins 1956; McDermott 1960; 

Reames and Williams 1983; Hughes and Grabowski 2006). Stable carbon isotope values for both 

P. simpsoni and P. lacustris indicated their food sources, in addition to oysters were other crabs, 

shrimp, worms, amphipods, and benthic microalgae. Panopeus simpsoni has been known to feed 

on algae, bryozoans, and smaller crabs (Reames and Williams 1983). Stable carbon isotope 

values for M. mercenaria indicated that its food sources were oysters, other crabs, shrimp, and 

worms. 

 

Oysters  

In this study, Crassostrea virginica was found to consume both benthic microalgae and 

POM both sinking and suspended (Tables 14-15; Figs. 40–47). Oysters can feed directly on 

benthic microalgae when it is resuspended in the water column (Fukumori et al. 2008). Other 

studies have shown similar food sources being consumed. Conkright and Sackett (1986) found 
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that oysters in Tampa Bay, Florida utilized both phytoplankton and terrestrial carbon. Peterson 

and Howarth (1987) found that C. virginica had the highest δ15N values compared to other 

detritivores and herbivores and was similar isotopically to plankton. One study involving the 

Pacific oyster Crassostrea gigas determined its dietary food sources to be macroalgae, C4 plants 

such as Spartina sp., benthic diatoms, and suspended POM, with approximately 30% of the diet 

coming from benthic diatoms and 20-60% from marine POM depending on the time of year 

(Decottignies et al. 2007). Using a mixing model, Dubois et al. (2007b) found that C. gigas 

consumed four different food sources (terrestrial organic matter, microphytobenthos, Ulva, and 

marine POM) in different quantities at different sites depending on which food source was 

available.  

 

Fishes  

The sheepshead Archosargus probatocephalus did not acquire any carbon from oysters 

even though large juveniles and adults are known to feed on young oysters (Jennings 1985). 

Sheepshead are omnivores and can feed on worms, amphipods, shrimp, plant matter, crabs, small 

fishes, bivalves, and gastropods (Overstreet and Heard 1982; Jennings 1985; Cutwa and 

Turingan 2000; Lenihan et al. 2001). In the current study, this species mainly consumed crabs 

and shrimps and possibly other smaller fishes found on the reef (Tables 14-15; Figs. 40, 44, 46). 

Overall, large individuals of this species were not sampled.  

Other abundant fishes found on study reefs were gulf toadfish Opsanus beta, code goby 

Gobiosoma robustum, crested goby Lophogobius cyprinoides, and skilletfish Gobiesox 

strumosus. Toadfish, in general, are known to feed on mud crabs (Grabowski 2004). In the 

current study, the food sources of toadfish were shrimp and crabs (Tables 14–15; Figs. 40–47). 

Gobiosoma spp. are known to feed on small invertebrates such as shrimp, amphipods, and 

worms (Breitburg 1999), and their food source in the current study was mainly comprised of 

worms (Tables 14–15; Figs. 30, 31, 35, 37). The crested goby is an opportunistic feeder that 

feeds on algae, amphipods, isopods, copepods, polychaetes, mollusks, and barnacles (Darcy 

1981). Its main food sources in the current study were benthic microalgae, worms, crabs, shrimp, 

and sinking POM (Table 15; Figs. 44–47). Food sources of skilletfish were benthic microalgae, 

worms, and sinking POM (Table 15; Figs. 44–46).   

Oyster reefs provide high densities of prey items such as polychaetes, mollusks, and 

crustaceans for resident predators, juvenile fishes, and adult transient fishes. This is especially 
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the case for restored reefs when placed in areas such as mudflats where no shelter existed 

previously (Grabowski et al. 2005). Juveniles of several transient fishes were collected during 

the current study: pigfish Orthopristis chrysoptera, gray snapper Lutjanus griseus, lane snapper 

Lutjanus synagris, and lined sole Achirus lineatus. Juvenile pigfish are known to consume 

copepods, amphipods, polychaetes, shrimp, and other benthic invertebrates and are found on 

shallow flats with plant growth during the spring and early summer (Sutter and McIlwain 1987; 

Lenihan et al. 2001).  The single pigfish collected in the current study could have been 

consuming crabs and worms found on the oyster reef based on its stable carbon isotope value 

(Table 14; Fig. 40), but because it is not a resident species it could have been feeding elsewhere 

as well. Snappers feed on a variety of organisms, including amphipods, shrimps, crabs, and 

fishes, and are found inshore near grass beds or soft and sandy bottom areas (Bortone and 

Williams 1986). Based on isotope values, they were likely consuming smaller fishes, crabs, and 

shrimps found on oyster reefs (Table 14; Fig. 42), depending on previous feeding areas. The 

lined sole feeds on worms, crustaceans, and small fishes, but in this study its carbon isotope 

values pointed to benthic microalgae, suspended POM, and oysters as food sources on the reef 

(Table 14; Fig. 43). More than likely this fish was not feeding on the reef and probably was 

resting between traveling from one area to another when it was collected. 

 

General Patterns  

Resident decapod crustaceans and fishes found on oyster reefs in this study seemed to be 

using the oyster reef mainly as habitat and shelter while feeding on other reef resident organisms. 

Based on an analysis of oyster shell habitat use in Southwest Florida, Tolley and Volety (2005) 

proposed that most resident species used the reef primarily for the structure and refuge that 

oysters provide. Eurypanopeus depressus, Petrolisthes armatus, and Alpheus heterochaelis all 

use the spaces between oysters and in oyster shells themselves for shelter and to avoid 

desiccation and predation (Grant and McDonald 1979; McDonald 1982; Williams 1984; Tolley 

and Volety 2005; Van Horn and Tolley 2009). Many resident fish species are known to attach 

their eggs to the insides of unfouled, articulated oyster shells, including the gobies Gobiosoma 

bosc, Gobiosoma robustum, and Bathygobius soporator; skilletfish Gobiesox strumosus; and 

Florida blenny Chasmodes saburrae (Peters 1981; Peters 1983; Breitburg 1999). The oysters 

themselves provide the shelter, habitat, and food in the form of mucus-bound biodeposits 

(Newell 1988; Newell 2004). 
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Seasonal Influences 

Principal Component Analysis revealed a couple of trends. First, Hendry/Mullock Creeks 

samples showed differences in δ13C values during all sampling months, and Estero River 

samples showed the same trend; the two sites were also distinct from one another. Depending on 

tissue turnover rates, δ13C values will be biased towards the most recent feeding patterns 

(Michener and Kaufman 2007). The average δ13C values for the sites suggested that carbon 

sources for these two systems must be different. Average Estero River values were between -

21‰ and -20‰, which is indicative of a phytoplankton carbon source (-21‰: Fry and Sherr 

1984). Average Hendry/Mullock Creeks values were between -25‰ and -24‰, which is 

indicative of a terrestrial C3 plant carbon source (-23‰ to -30‰: Fry and Sherr 1984). Based on 

δ13C scores (Fig. 41-42), Factor 1 seems to be driven by site. During the wet season, more water 

and nutrients are brought into the estuary due to the increase in rainfall. Because the 

Hendry/Mullock Creeks site had a higher flow rate from upstream sources, it received more 

runoff and nutrients from upland plants especially during the wet season (Fig. 39). This would 

explain the grouping of sites seen along Factor 1. The loadings indicated that these groupings are 

driven by the samples Sed, Oyster, Alpheus, Eurypanopeus, Petrolisthes, and Opsanus 

depending on whether Sed was included in the analysis.     

Second, δ15N values indicated that samples collected at the same time of year are similar 

to one another. This is most likely due to seasonal changes in species composition on the reefs as 

well as increases in water temperature and spawning processes in the estuary that caused the 

trophic position of each species to change based on availability of food sources. Factor 1 seemed 

to be driven by water temperature increases and spawning processes occurring on the reef during 

May and September.  

Temperature is an important factor that influences gonadal development and spawning in 

oysters (Shumway 1996; Thompson et al. 1996). Along the Gulf of Mexico coast, spawning 

occurs from April to October with major spawning events generally occurring in the spring and 

fall and minor events throughout the summer (Hayes and Menzel 1981; Thompson et al. 1996). 

Gonadal development occurs before water temperature reaches 20°C in April, with most 

spawning occurring after the water temperature reaches 25°C (Hayes and Menzel 1981). New 

development of gametes continues in oysters after the initial spawning event and persists as long 

as the temperature remains high (Hayes and Menzel 1981). Sudden drops in temperature (5–
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10°C) can induce spawning and this generally occurs when the temperature starts to decline in 

September (Hayes and Menzel 1981; Thompson et al. 1996).  

Oysters are not the only organisms spawning on the reefs. The number of ovigerous crabs 

and shrimp observed during the current study was much higher during May and September 

compared to November and February at the Estero River site (data not shown). The spawning 

season for grass shrimp is from March to October with eggs hatching 12 to 60 days after 

fertilization, depending on species and geographical location (Anderson 1985). Ovigerous 

females of Eurypanopeus depressus and Panopeus spp. have been found from March through 

October with peak numbers occurring in late April to May and in September (McDonald 1982).  

Changes in temperature and variation in spawning cycle for the organisms in this study 

influenced the differences seen between the sites with Alpheus, Opsanus, and oysters driving 

these differences based on the δ15N loadings. The organisms used in the principal component 

analysis are all spawning and carrying eggs during the same time period (April to October). This 

caused the trophic relationships within the community to change because organisms that were 

actively spawning or carrying eggs may not have been actively feeding or were avoiding 

predators. Also, as these juvenile organisms developed and grew in size there would be a shift in 

their diet that would alter their trophic relationships on the reef. The trophic dynamics on the reef 

seemed to change during different times of the year due to these changing processes.   

 

SUMMARY AND FUTURE STUDIES 

 

This study provided additional evidence that as essential fish habitat, oyster reefs provide 

the 3-dimensional structure, habitat, and shelter for many resident species and food for resident 

and transient species.  The mud crab Eurypanopeus depressus was by far the most abundant 

species encountered at all three stations followed by the green porcelain crab Petrolisthes 

armatus at the middle and lower stations. In addition, juveniles of a number of commercially and 

recreationally important species were present in or around oyster clusters including commercial 

shrimps Farfantepenaeus sp., Florida stone crab Menippe mercenaria, gray snapper Lutjanus 

griseus, sheepshead Archosargus probatocephalus, and pinfish Lagodon rhomboides. Organism 

abundance varied with season and was greater at the upper and middle stations during the dry 

season but was greater at the middle stations during wet months; biomass was greater at the 

lower stations, at least during the dry season. Measures of biodiversity (H’ and % dominance) 
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suggested that diversity increased downstream. It appears that assemblages of fishes and decapod 

crustaceans inhabiting oyster reefs in the Caloosahatchee River and Estuary are shaped partly by 

salinity, with distinct communities occurring at different locations along the salinity gradient. 

Reduced salinities occurring upstream or as a result of high freshwater inflow, have the potential 

to alter the habitat value of oyster reefs for commensal organisms by increasing oyster mortality 

and reducing oyster density. Such changes would not only affect microhabitat within oyster 

clusters (e.g., availability of oyster boxes) but also increase the patchiness of oyster reef habitat.        

Stable isotope analysis was used to determine trophic relationships within multiple levels 

of the community found on Estero Bay oyster reefs. Figure 52 is a conceptual model of these 

trophic relationships. The organic matter sources, amphipods, and worms were at the lowest 

level and were consumed by oysters, resident crabs, shrimp, and fishes. The crabs and shrimp 

were then consumed by other resident crabs and fish species. Transient fish species such as 

Lutjanus sp. came to the reef to feed on the reef resident crab, shrimp, and fish species. The 

stable isotope signatures of the food sources for various organisms corroborated with previously 

reported gut content analysis and observed feeding behavior data. 

Trophic relationships were determined at two sites, one that is highly altered and another 

that is more natural. The Hendry/Mullock Creeks site received a much greater amount of 

freshwater flow mainly due to the Ten Mile Canal in Fort Myers emptying into Mullock Creek 

(Fig. 39). These alterations in freshwater flow and watershed changes over time could cause 

differences in the isotope compositions of the organisms on oyster reefs. The Hendry/Mullock 

Creeks samples showed a difference in carbon isotopic compositions compared to the Estero 

River samples indicating that carbon sources from upstream and the Ten Mile Canal could 

change the energy transfer within the oyster reef communities. This may cause areas with higher 

freshwater flow to have a decrease in higher quality food, abundance of food, or diversity of food 

compared to more natural areas. Some organisms are not able to survive in the low salinities 

found at Hendry/Mullock Creeks when freshwater flow is at its highest and this may cause the 

diversity of food to decrease on the oyster reef. The abundance and diversity of organisms at the 

Hendry/Mullock Creeks site were lower compared to the Estero River site (Table 13) indicating 

that freshwater flow did influence food sources available for the organisms at this site.              

Future work could look at the quality and diversity of food sources on oyster reefs 

especially in altered and natural areas to determine if species in altered systems do receive a 

lower quality food compared to natural systems. Work could also be done on using stable isotope 
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analysis in transient species to determine how much of their diet is from oyster reef resident 

species and compare their food preferences in altered and natural systems. Since stable isotope 

analysis is a useful and accurate tool in determining trophic relationships especially in 

communities with multiple trophic levels it should be used in these and many other ecological 

studies involving food web dynamics.  
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Table 1: Water quality and oyster response parameters measured and their frequency. 

 

MEDIUM PARAMETERS STATIONS FREQUENCY COLLECTION 

 

Water Dissolved 

Oxygen, pH, 

salinity, 

conductivity and 

temperature 

All Monthly YSI/Hydrolab 

Oysters- Adults Density of living 

adults / sq. m.  

All Winter Quadrat Counts 

and in situ 

measurements 

Oysters- Adults Prevalence and 

intensity of P. 

marinus disease 

All Monthly Field collection 

followed by 

laboratory 

analyses 

Oysters Gonadal Index 

(Gonadal 

condition) 

All Monthly  

 

Histology and 

image analysis  

from collected 

samples 

Oysters- Spat Oyster spat 

recruitment 

All Monthly  Count Spat on 

oyster settling 

apparatus 

Oyster- Juveniles Juvenile oyster 

growth and 

survival 

All Monthly Measure 50 

random juvenile 

oysters from 

open and closed 

wire mesh bags; 

Examine % 

survival of all 

juvenile oysters.   

 

  



Table 2. (a) Power regression modeling relationship of flows from S-79 and salinities at various 

sampling locations in the Caloosahatchee estuary.  Sampling locations Piney Point/ Iona Cove 

(PP/IC)), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay (TB) are from 

upstream to downstream. (b) Salinity and flow data from Sep 2000–Nov 2008 were used to 

model the relationships in 2a. 

2a. 

Station Relationship R
2
 

Piney Point Y=5e-07X2-0.0078X+29.719 R
2
=0.73 

Cattle Dock Y=4e-07X2-0.007X+31.234 R
2
=0.68 

Bird Island Y=3e-07X2-0.0053X+33.241 R
2
=0.64 

Kitchel Key Y=1e-07X2-0.0036X+32.222 R
2
=0.58 

Tarpon Bay Y=1e-07X2-0.0032X+37.351 R
2
=0.61 

2b.  

Flow 

(CFS) PP/IC CD BI KK TB 

0 29.719 31.234 33.241 35.222 37.351 

1000 22.419 24.634 28.241 31.722 34.251 

2000 16.119 18.834 23.841 28.422 31.351 

3000 10.819 13.834 20.041 25.322 28.651 

4000 6.519 9.634 16.841 22.422 26.151 

5000 3.219 6.234 14.241 19.722 23.851 

6000 0.919 3.634 12.241 17.222 21.751 

7000 -0.381 1.834 10.841 14.922 19.851 

8000 -0.681 0.834 10.041 12.822 18.151 

 

  



Tests of Between-Subjects Effects 

Dependent Variable: P. marinus intensity 

 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 3036.829a 568 5.347 5.110 .000 

Intercept 5037.191 1 5037.191 4814.746 .000 

Month2 160.250 11 14.568 13.925 .000 

Year2 489.165 9 54.352 51.951 .000 

Station 303.702 4 75.926 72.573 .000 

Month2 * Year2 837.408 94 8.909 8.515 .000 

Month2 * Station 117.348 44 2.667 2.549 .000 

Year2 * Station 195.596 36 5.433 5.193 .000 

Month2 * Year2 * Station 880.122 370 2.379 2.274 .000 

Error 6119.228 5849 1.046   

Total 14741.000 6418    

Corrected Total 9156.056 6417    

a. R Squared = .332 (Adjusted R Squared = .267) 

 

Table 3: Analyses of variance of P. marinus intensity in oysters due the main factors – sampling 

month, sampling location and sampling year. The effect of all the three factors is highly 

significant (P < 0.001). 

  



 

Tests of Between-Subjects Effects 

Dependent Variable: Condition Index 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 6489.835a 568 11.426 17.222 .000 

Intercept 51168.900 1 51168.900 77128.552 .000 

Month2 382.757 11 34.796 52.449 .000 

Year2 740.862 9 82.318 124.081 .000 

Station 1011.713 4 252.928 381.247 .000 

Month2 * Year2 1558.175 94 16.576 24.986 .000 

Month2 * Station 389.257 44 8.847 13.335 .000 

Year2 * Station 488.252 36 13.563 20.443 .000 

Month2 * Year2 * Station 1810.240 370 4.893 7.375 .000 

Error 3906.901 5889 .663   

Total 63397.260 6458    

Corrected Total 10396.736 6457    

a. R Squared = .624 (Adjusted R Squared = .588) 

 

Table 4: Analyses of variance of condition index of oysters due the main factors – sampling 

month, sampling location and sampling year. The effect of all the three factors is highly 

significant (P < 0.001). 

 
  



 

Tests of Between-Subjects Effects 

Dependent Variable: Density of living oysters 

 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 2.261E8 61 3705738.911 18.268 .000 

Intercept 2.458E8 1 2.458E8 1211.857 .000 

Station 4.151E7 4 1.038E7 51.159 .000 

Season 8713754.921 1 8713754.921 42.957 .000 

Year 2.888E7 6 4813920.924 23.731 .000 

Station * Season 2132658.667 4 533164.667 2.628 .036 

Station * Year 8.636E7 22 3925320.805 19.351 .000 

Season * Year 2.659E7 5 5317011.253 26.211 .000 

Station * Season * Year 2.976E7 19 1566304.386 7.721 .000 

Error 3.773E7 186 202850.366   

Total 5.483E8 248    

Corrected Total 2.638E8 247    

a. R Squared = .857 (Adjusted R Squared = .810) 

 

Table 5: Analyses of variance of density of living oysters due the main factors – sampling 

month, sampling location and sampling year. The effect of all the three factors is highly 

significant (P < 0.001). 

 

 
  



 

Tests of Between-Subjects Effects 

Dependent Variable: Spat Recruitment 

 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 7.068E6 547 12921.300 129.773 .000 

Intercept 1038137.917 1 1038137.917 10426.359 .000 

Site 310804.773 4 77701.193 780.379 .000 

month2 1315898.190 11 119627.108 1201.454 .000 

year 348299.063 9 38699.896 388.676 .000 

Site * month2 712914.993 44 16202.613 162.728 .000 

Site * year 335698.195 36 9324.950 93.654 .000 

month2 * year 1555260.368 90 17280.671 173.555 .000 

Site * month2 * year 2217331.594 353 6281.393 63.086 .000 

Error 2443711.930 24543 99.569   

Total 1.075E7 25091    

Corrected Total 9511663.285 25090    

a. R Squared = .743 (Adjusted R Squared = .737) 

 

Table 6: Analyses of variance of oyster spat recruitment due the main factors – sampling month, 

sampling location and sampling year. The effect of all the three factors is highly significant (P < 

0.001). 

 
 

  



 

Tests of Between-Subjects Effects 

Dependent Variable: Gonadal Index 

 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 9465.210a 554 17.085 21.658 .000 .712 

Intercept 31323.983 1 31323.983 39708.478 .000 .891 

Month 4812.224 11 437.475 554.574 .000 .556 

Station 380.220 4 95.055 120.498 .000 .090 

Year2 345.132 9 38.348 48.613 .000 .083 

Month * Station 484.429 44 11.010 13.957 .000 .112 

Month * Year2 1307.144 92 14.208 18.011 .000 .254 

Station * Year2 241.748 36 6.715 8.513 .000 .059 

Month * Station * Year2 1499.902 358 4.190 5.311 .000 .281 

Error 3837.749 4865 .789    

Total 46442.000 5420     

Corrected Total 13302.959 5419     

a. R Squared = .712 (Adjusted R Squared = .679) 

 

Table 7: Analyses of variance of gonadal index (gonadal condition) of oysters data due the main 

factors – sampling month, sampling location and sampling year. The effect of all the three 

factors is highly significant (P < 0.001). 

 
 



Table 8. Station locations and associated water quality. Water quality data are presented as mean with SD in parentheses. Sampling 
was conducted along the salinity gradient of the Caloosahatchee River and Estuary.  
 
              Salinity Temperature   Dissolved   Dissolved         
Station  Latitude (N) Longitude (W) Season      (psu)       (°C)    oxygen (%)     oxygen (mg l-1)     pH 

 
Upper  26°30’54.46” 81°58’57.95”  Dry 37.56 (3.33) 27.49 (3.37)   84.4 (11.9)  5.45 (0.94) 7.72 (0.10)    
      Wet   7.76 (5.50) 31.05 (1.83)   84.5 (23.4)  6.03 (1.62) 8.29 (0.82)  
 
Middle  26°30’47.26” 82°01’57.80”  Dry 39.98 (2.13) 25.93 (3.25)   91.9 (29.6)  6.00 (1.90) 7.72 (0.13) 
      Wet 14.73 (8.93) 30.82 (2.25)   84.0 (10.0)  5.80 (0.50) 8.65 (1.03) 
 
Lower  26°27’02.72” 82°04’48.49”   Dry 43.11 (1.32) 26.73 (4.13)   85.3 (19.8)  5.85 (0.59) 7.83 (0.14) 
        Wet 28.59 (4.99) 31.34 (2.79) 117.9 (26.3)    7.48 (1.54) 8.38 (0.84) 
  



Table 9. Decapod crustaceans and fishes collected from oyster reefs along the salinity gradient of the 

Caloosahatchee River and Estuary. Sampling stations along the salinity gradient are designated as Upper, 

Middle, and Lower.   

 
                
              Number Collected 
 
Species   Common Name         Upper    Middle      Lower   
 
Decapods 

Farfantepenaeus sp.   penaeid shrimp    16 4 14 
Palaemonetes spp.  grass shrimp    0 7 1 
Palaemonetes pugio  daggerblade grass shrimp  4  0 0     
Alpheus heterochaelis bigclaw snapping shrimp  37 13 74  
Petrolisthes armatus  green porcelain crab     2 376 309 
Libinia dubia   longnose spider crab   23 5 3 
Eurypanopeus depressus flatback mud crab       1006 1248 334  

   Menippe mercenaria  Florida stone crab   0   2 21   
   Panopeus spp.  mud crab    13 1 43 
   Panopeus obesus  saltmarsh mud crab   1 2 0 
   Panopeus simpsoni  oystershell mud crab     5     12 6 
   Rhithropanopeus harrisii Harris mud crab        0 0 1 
 Macrobrachium spp.       0 0 4 
 Pitho sp.         1 3 1 
 Unidentified shrimps       0 0 1 
 Unidentified xanthids       53 36 10 
 
Fishes  
   Opsanus beta  gulf toadfish     4 3 6      
   Gobiesox strumosus  skilletfish    1 10 0         
  Lutjanus griseus  gray snapper    1 0 0       
    Archosargus probatocephalus  sheepshead   1 0 3 
   Lagodon rhomboides  pinfish     0 1 0      
   Chasmodes saburrae  Florida blenny      8 10 6      
   Bathygobius soporator frillfin goby    1 0 0         
   Gobiosoma bosc  naked goby    15 0 5        
   Gobiosoma robustum  code goby    61 14 22 
   Lophogobius cyprinoides crested goby    1 0 0 
   Achirus lineatus  lined sole      1 0 0 
 
 



Table 10.  Species contributions to similarity percentages of oyster-reef communities along the salinity gradient of the Caloosahatchee 
River and Estuary (abundances are square root transformed). Only those species accounting for 90% of the total similarity are 
included. These species can be said to typify the stations represented.    
 
                                                                                                                                                                                                                          
Station   Total   Species       Average     Average  Contribution    Cumulative 
    Similarity           abundance     similarity           %      %                   
 
Upper   
   71.0  E. depressus     9.1   49.5  69.7   69.7 
     G. robustum     2.0     8.8  12.4   82.1 
     A. heterochaelis    1.6     5.7    8.0   90.1 
Middle   73.0  E. depressus   10.1   43.2  59.2   59.2  
     P. armatus     5.3   19.7  27.0   86.2 
     G.robustum     0.9      2.8     3.8   90.0 
Lower   70.6  E. depressus     5.4   23.5  33.3   33.3  
     P. armatus     5.1   20.8  29.5   62.8 
     A. heterochaelis    2.5   10.5  14.8   77.6 
     Panopues spp.     1.5     4.5    6.4   84.0 
     G. robustum     1.2     4.0    5.7   89.7 
     M. mercenaria     1.1      3.3     4.6   94.4  
 
                        
 
 
 
 
 
 
 
 
 
 



Table 11.  Dissimilarity among stations of oyster-reef decapods and fishes in the Caloosahatchee River and Estuary (stations: U = 
upper, M = middle, L = lower) (data are square root transformed). Only those species accounting for 50% of the cumulative 
dissimilarity are included.    
 
                                                                                                                                                                                                                      
Station  Total   Species      Average       Average  Contribution   Cumulative  
dissimilarity            abundance        dissimilarity    %      %   
       Group 1     Group 2     
                 
 
U-M   41.2  P. armatus     0.2       5.3 12.9   31.4   31.4 
    E. depressus    9.1   10.1   4.2   10.3   41.7 
    G. robustum    2.0     0.9   3.1     7.6   49.3 
    A. heterochaelis   1.6       0.8   2.8     6.8   56.1 
  
 
U-L  52.0  P. armatus    0.2     5.1 12.9   24.7   24.7 
    E. depressus    9.1     5.4   9.7   18.6   43.4 
    Panopeus spp.    0.6     1.5   4.1     7.8   51.2 
   
M-L  43.6  E. depressus  10.1     5.4 11.0   25.3   25.3 
    A. heterochaelis   0.8     2.5   4.3   10.0   35.3 
    P. armatus    5.3     5.1   4.2     9.6   44.9 
    Panopeus spp.    0.1      1.5   3.6     8.3   53.2 
 
                        
 

 



 

Study 
Site 

Sampling 
Month 

Temperature 
(°C) Salinity (ppt) 

Dissolved 
Oxygen (%) 

Dissolved 
Oxygen 
(mg/L) pH 

Chlorophyll 
a (μg/L) 

Phaeophytin 
a (μg/L) 

Estero 
River May 23.25 (4.64) 41.52 (2.63) 56.80 (29.72) 3.88 (2.43) 7.76 (0.12) 0.919 0.417 

 September 30.56 (0.20) 26.59 (9.41) 36.17 (48.10) 2.26 (3.00) 7.80 (0.25) 6.068 2.162 

 November 17.65 (2.03) 31.78 (4.65) 96.67 (27.95) 7.58 (2.08) 7.52 (0.33) 1.343 1.391 

 February 20.89 (0.87) 32.48 (10.50) 110.90 (4.51) 8.22 (0.51) 7.90 (0.09) 1.787 2.305 

Hendry/
Mullock 
Creeks 

May 24.84 (4.41) 36.40 (7.26) 63.43 (18.10) 4.42 (1.69) 7.63 (0.08) 3.415 1.137 

 September 30.26 (0.79) 11.43 (11.57) 43.13 (53.09) 2.88 (3.43) 7.68 (0.32) 11.197 7.168 

 November 18.14 (0.85) 18.20 (10.43) 89.70 (23.42) 7.49 (1.58) 7.36 (0.40) 1.633 0.829 

 February 19.62 (0.84) 31.65 (3.99) 97.40 (11.50) 7.53 (0.67) 7.83 (0.20) 2.485 7.953 

 
        

Table 12. Water quality values for each sampling month at Estero River and Hendry/Mullock Creeks study sites. Values are 
averages of three sampling efforts per month. Values in parentheses are ±standard deviation.  



 

 
 

 Number Collected  

  
Estero River  Hendry/Mullock Creeks 

Species Common Name May 
'08 

Sept 
'08 

Nov 
'08 

Feb 
'09 

Total 
no. 

 May 
‘08 

Sept 
‘08 

Nov 
‘08 

Feb 
‘09 

Total 
no. 

Decapods 
     

       
Palaemonetes pugio grass shrimp 15 2 1 2 20  0 0 0 0 0 
Palaemonetes vulgaris marsh grass shrimp 0 0 0 1 1  0 0 0 0 0 
Alpheus heterochaelis bigclaw snapping shrimp 27 40 8 2 77  8 9 1 6 24 
Lysmata wurdemanni peppermint shrimp 6 0 1 0 7  0 0 0 0 0 
Panopeus spp. mud crab 24 25 3 1 53  9 3 0 0 12 
Panopeus lacustris knotfinger mud crab 0 1 0 0 1  0 0 0 0 0 
Panopeus simpsoni oystershell mud crab 4 1 1 1 7  0 0 2 1 3 
Eurypanopeus depressus flatback mud crab 60 154 234 178 626  61 73 64 65 263 
Petrolisthes armatus green porcelain crab 119 572 190 92 973  54 27 11 9 101 
Menippe mercenaria  Florida stone crab 4 6 1 0 11  0 0 0 0 0 
Libinia sp. spider crab 3 0 0 0 3  0 0 0 0 0 
Libinia dubia spider crab 0 0 0 0 0  2 0 0 0 2 
Rhithropanopeus harrisii Harris mud crab 0 1 1 0 2  0 0 0 0 0 
Fishes 

            
Opsanus beta gulf toadfish 5 6 2 7 20  3 2 2 0 7 
Gobiosoma robustum code goby 3 12 0 0 15  0 1 0 1 2 
Gobiosoma bosc naked goby 0 0 0 0 0  0 3 0 2 5 
Orthopristis chrysoptera pigfish 1 0 0 0 1  0 0 0 0 0 
Archosargus probatocephalus sheepshead 1 0 0 0 1  2 0 1 0 3 
Lutjanus griseus gray snapper 0 0 1 0 1  0 0 0 0 0 
Lutjanus synagris lane snapper 0 0 1 0 1  0 0 0 0 0 
Chasmodes saburrae Florida blenny 0 0 0 1 1  0 1 1 1 3 
Achirus lineatus lined sole 0 0 0 1 1  0 0 0 0 0 
Bathygobius soporator frillfin goby 0 0 0 1 1  0 0 1 1 2 
Lophogobius cyprinoides crested goby 0 0 0 0 0  3 2 18 3 26 
Gobiesox strumosus skilletfish 0 0 0 0 0  4 1 3 0 8 
Lupinoblennius nicholsi highfin blenny 0 0 0 0 0  0 0 0 1 1 
Total individuals collected 

 
272 820 444 287 1823  146 122 104 90 462 

Table 13. Abundances of decapod crustaceans and fishes collected at the Estero River and Hendry/Mullock Creeks sites for each 
quarter during study period.  
 



Estero River δ13C δ15N 

Sample 
May 2008 

(±SE) 
Sept 2008 

(±SE) 
Nov 2008 

(±SE) 
Feb 2008 

(±SE) 
May 2008 

(±SE) 
Sept 2008 

(±SE) 
Nov 2008 

(±SE) 
Feb 2008 

(±SE) 
Sediment -10.92 (1.11) -11.57 (0.23) -6.16 (0.76) -12.42 (0.12) 3.40 (0.35) 2.11 (0.06) 2.67 (0.03) 3.02 (0.04) 
 
Worms -20.95 -17.40 

 
  5.31 7.43 

 
  

 
Amphipods 

 
-23.59 -22.33 -20.91 (0.26) 

 
0.10 2.83 3.14 (0.45) 

 
End-members 

   
  

   
  

Sinking POM -17.73 (0.55) -21.64 (0.37) -17.18 (1.76) -12.75 (0.21) 3.13 (0.05) 1.91 (0.08) 4.91 (1.56) 3.27 (0.10) 
Suspended POM -24.08 (0.15) -25.20 (0.25) -23.43 (1.15) -22.40 (1.10) 1.85 (0.18) 1.92 (0.11) 1.09 (0.09) 2.24 (0.11) 
Benthic Microalgae -21.80 (0.72) -25.61 (0.23) -23.55 (0.24) -22.59 (0.28) 3.20 (0.13) -0.36 (0.41) 2.34 (0.41) 4.56 (1.63) 
 
Oysters 

   
  

   
  

Crassostrea virginica -22.51 (0.27) -22.38 (0.42) -22.24 (0.19) -23.12 (0.25) 4.26 (0.12) 4.73 (0.19) 5.65 (0.19) 5.32 (0.11) 
Crassostrea virginica spat 

  
-23.44 (0.33)   

  
4.55 (0.15)   

 
Decapods 

   
  

   
  

Eurypanopeus depressus -19.52 (0.42) -17.34 (0.53) -17.22 (0.33) -17.48 (0.66) 3.97 (0.22) 3.73 (0.29) 4.27 (0.13) 4.24 (0.17) 
Libinia spp. -21.85 (1.28) 

  
  3.27 (0.50) 

  
  

Menippe mercenaria -21.43 (0.90) -18.67 (0.80) -18.40   5.62 (0.07) 4.50 (0.21) 5.70   
Panopeus lacustris 

 
-17.62 

 
  

 
5.88 

 
  

Panopeus simpsoni -19.96 (0.54) -17.50 -17.72 -21.13 4.91 (0.44) 5.21 4.01 5.91 
Panopeus spp. -21.68 (0.50) -18.50 (0.61) -20.69 (1.06) -21.78 3.98 (0.16) 3.88 (0.27) 4.14 (0.58) 5.23 
Petrolisthes armatus -22.24 (0.24) -20.15 (0.16) -20.85 (0.35) -20.29 (0.28) 3.62 (0.11) 3.68 (0.15) 4.02 (0.13) 4.64 (0.12) 
Rhithropanopeus harrisii 

 
-21.52 -20.61   

 
3.58 4.01   

Alpheus heterochaelis -19.88 (0.28) -20.61 (0.26) -20.67 (0.05) -20.40 (0.22) 6.42 (0.07) 5.19 (0.13) 6.26 (0.12) 6.87 (0.16) 
Lysmata wurdemanni -20.64 (0.08) 

  
  6.89 (0.05) 

  
  

Palaemonetes pugio -18.54 (0.33) -20.60 (0.39) 
 

-20.38 8.19 (0.38) 6.42 (0.81) 
 

7.61 
Palaemonetes vulgaris 

   
-18.83 

   
8.85 

 
Fishes 

   
  

   
  

Achirus lineatus 
   

-22.78 
   

8.02 
Archosargus 
probatocephalus -20.71 

  
  7.42 

  
  

Table 14. Estero River site mean δ13C and δ15N stable isotope values during each sampling month of study period. 
 



 

Bathygobius soporator 
   

-18.93 
   

8.82 
Chasmodes saburrae 

   
-21.36 

   
9.67 

Gobiosoma robustum -18.74 (0.09) -18.03 (0.27) 
 

  8.11 (0.24) 7.30 (0.13) 
 

  
Lutjanus griseus 

  
-19.49   

  
8.73   

Lutjanus synagris 
  

-20.37   
  

9.45   
Opsanus beta -19.19 (0.16) -18.36 (0.26) -19.94 (1.02) -18.88 (0.25) 7.39 (0.38) 6.90 (0.21) 7.31 (0.34) 8.04 (0.16) 
Orthopristis chrysoptera -20.53       7.85       



Table 15. Hendry Creek site mean δ13C and δ15N stable isotope values during each sampling month of study period. 

Hendry Creek δ13C δ15N 

Sample 
May 2008 

(±SE) 
Sept 2008 

(±SE) 
Nov 2008 

(±SE) 
Feb 2008 

(±SE) 
May 2008 

(±SE) 
Sept 2008 

(±SE) 
Nov 2008 

(±SE) 
Feb 2008 

(±SE) 
Sediment -16.65 (1.01) -11.42 (0.48) -9.66 (0.90) -15.14 (0.38) 2.54 (0.16) 2.99 (0.14) 3.32 (0.29) 3.28 (0.03) 
 
Worms -24.96 -27.00 -26.63 (0.15) -25.43 (0.24) 5.79 6.47 7.24 (0.06) 7.77 (0.03) 
 
Amphipods   -28.71 -27.08 (0.06) -26.23 (0.18)   3.05 3.47 (0.17) 3.88 (0.29) 
End-members   

   
  

  
  

Sinking POM -22.21 (0.62) -20.84 (0.30) -24.50 (0.58) -26.20 (1.43) 3.09 (0.30) 1.89 (0.14) 3.10 (0.12) 5.71 (0.76) 
Suspended POM -26.61 (0.02) -26.81 (0.10) -27.14 (0.05) -25.00 (0.04) 2.81 (0.27) 2.73 (0.07) 0.69 (0.20) 2.31 (0.19) 
Benthic Microalgae -25.02 (0.61) -28.69 (0.05) -24.95 (0.34) -25.98 (0.19) 3.14 (0.16) 1.09 (0.22) 1.01 (0.23) 4.50 (1.84) 
 
Oysters 

   
  

   
  

Crassostrea virginica -26.24 (0.06) -27.06 (0.09) -28.32 (0.09) -27.29 (0.15) 4.81 (0.16) 5.59 (0.09) 5.54 (0.16) 5.03 (0.08) 
Crassostrea virginica spat 

  
-28.73 (0.15)   

  
4.79 (0.10)   

Decapods 
   

  
   

  
Eurypanopeus depressus -21.77 (0.33) -24.98 (0.33) -23.70 (0.59) -22.27 (0.43) 3.69 (0.26) 4.44 (0.24) 5.08 (0.31) 5.73 (0.15) 
Libinia dubia -23.26 (0.16) 

  
  4.00 (0.08) 

  
  

Panopeus simpsoni 
  

-24.59 (0.07) -26.95 
  

6.45 (0.35) 6.98 
Panopeus spp. 

 
-26.06 (0.15) 

 
  

 
6.09 (0.16) 

 
  

Petrolisthes armatus -22.57 (0.62) -27.44 (0.25) -24.99 (0.16) -24.10 (0.34) 3.34 (0.21) 4.02 (0.20) 4.46 (0.06) 5.00 (0.11) 
Alpheus heterochaelis -24.01 (0.23) -25.89 (0.30) -25.18 -24.86 (0.20) 5.65 (0.32) 5.55 (0.16) 6.62 7.32 (0.15) 
Fishes 

   
  

   
  

Archosargus 
probatocephalus -23.36 (0.05) 

 
-25.94   8.87 (0.00) 

 
8.82   

Bathygobius soporator 
  

-23.47 -24.66 
  

8.73 9.88 
Chasmodes saburrae 

 
-25.86 -25.99 -25.56 

 
8.74 9.41 9.55 

Gobiesox strumosus -23.67 (0.39) -23.45 -24.07 (0.61)   8.01 (0.05) 8.26 8.10 (0.08)   
Gobiosoma bosc 

 
-25.80 (0.42) 

 
-24.49 (0.13) 

 
8.14 (0.05) 

 
10.24 (0.10) 

Gobiosoma robustum 
 

-25.79 
 

-24.01 
 

7.64 
 

9.20 
Lophogobius cyprinoides -23.59 (0.26) -26.05 (0.89) -24.65 (0.31) -24.60 (0.10) 9.15 (0.22) 8.30 (0.28) 8.98 (0.07) 9.46 (0.19) 
Lupinoblennius nicholsi 

   
-23.88 

   
9.96 

Opsanus beta -23.83 (0.11) -23.87 (0.23) -23.16 (0.11) -19.56 7.95 (0.12) 7.92 (0.21) 8.89 (0.01) 7.34 



 

Figure 1: Map of the study area in the Caloosahatchee River and Estuary with the sampling 
locations.  
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Figure 2: Water temperature at various sampling locations in the Caloosahatchee Estuary. Locations 

Peppertree, Piney Point (Iona Cove), Cattle Dock, Bird Island, Kitchel Key and Tarpon Bay are from 

upstream to downstream in the estuary. 
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Figure 3: Salinity at various sampling locations in the Caloosahatchee Estuary. Locations Peppertree, 

Piney Point (Iona Cove), Cattle Dock, Bird Island, Kitchel Key and Tarpon Bay are from upstream to 

downstream in the estuary.   
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Figure 4: Relationship between freshwater inflows and salinities at various sampling points in the Caloosahatchee 
Estuary. Sampling locations Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay 
(TB) are from upstream to downstream within the estuary. Salinity and flow data from September 2000 - 
November 2009 were used to model the relationship shown above. A power regression was used to determine the 
relationships between freshwater inflows and salinities at various locations within the estuary.



 

 

Figure 5: Mean Perkinsus marinus prevalence (% infected oysters) and salinity at various sampling points 

in the Caloosahatchee Estuary. Sampling locations Piney Point (Iona Cove, PP), Cattle Dock (CD), Bird 

Island (BI), Kitchel Key (KK) and Tarpon Bay (TB) are from upstream to downstream within the estuary.  
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Figure 6: Mean Perkinsus marinus prevalence (% infected oysters) and salinity averaged across all the 
sampling locations in the Caloosahatchee Estuary during the sampling period (Sep 2000 - Aug 2010). 
Sampling locations Piney Point (PP), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon 
Bay (TB) are from upstream to downstream within the estuary.



 

Figure 7: Mean Perkinsus marinus intensity (on a scale of 0-5) averaged across all the sampling locations 

in the Caloosahatchee Estuary during the sampling period (Sep 2000 – Aug 2010). Sampling locations 

Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay (TB) are from 

upstream to downstream within the estuary.  
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Figure 8: Mean Perkinsus marinus infection intensity averaged across all the sampling locations in the 
Caloosahatchee Estuary during the sampling period (Sep 2000 - Aug 2010). Sampling locations Iona
Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay (TB) are from upstream to 
downstream within the estuary.
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Figure 9: Mean condition index of oysters averaged across all the sampling locations in the Caloosahatchee
Estuary during the sampling period (Sep 2000 - Aug 2010).
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Figure 10: Density of living oysters at various sampling locations in the Caloosahatchee estuary. Results 
were averaged for wet and dry sampling periods for each year. Data for 2005 were not available. 
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Figure 11. Mean living density of oysters at various sampling locations, averaged throughout the sampling 
period (2003 - 2010). Sampling Locations Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (Kk), 
and Tarpon Bay (TB) are from upstream to downstream. Living oyster density was highest at the mid-stream 
station (Bird Island), and lowest at Cattle Dock, a station receiving input from the City of Cape Coral.



 

 

 
 

Figure 12: Density of living oysters at various sampling locations during in the Caloosahatchee estuary 

between 2002 and 2009. Mean freshwater inflows for the year from S-79 are also presented for the years 

for which data was available. 
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Figure 13: Mean length (growth) of juvenile oysters (Year 1) in closed bags deployed at various sampling locations. 
Pepper  Tree Point, Iona Cove, Cattle Dock, Bird Island, Kitchel Key and Tarpon Bay locations are from upstream
to downstream in the estuary. 
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Figure 14: Mean length (growth) of juvenile oysters (Year 2) in closed bags deployed at various sampling locations. 
Pepper  Tree Point, Iona Cove, Cattle Dock, Bird Island, Kitchel Key and Tarpon Bay locations are from upstream 
to downstream in the estuary. 
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Figure 15: Mean length (growth) of juvenile oysters (Year 3) in closed bags deployed at various sampling locations. 
Pepper  Tree Point, Iona Cove, Cattle Dock, Bird Island, Kitchel Key and Tarpon Bay locations are from upstream 
to downstream in the estuary. 
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Figure 16: Survival of juvenile oysters in closed bags deployed at various sampling locations (year 1; 2007-2008). 
Pepper  Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay 
locations are from upstream to downstream in the estuary.
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Figure 17: Survival of juvenile oysters in open bags deployed at various sampling locations (year 1; 2007-2008). 
Pepper  Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay 
locations are from upstream to downstream in the estuary.
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Figure 18: Survival of juvenile oysters in closed bags deployed at various sampling locations (year 2; 2008-2009). 
Pepper  Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay (TB) 
locations are from upstream to downstream in the estuary.
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Figure 19: Survival of juvenile oysters in open bags deployed at various sampling locations (year 2; 2008-2009). 
Pepper  Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay 
locations are from upstream to downstream in the estuary.
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Figure 20: Survival of juvenile oysters in closed bags deployed at various sampling locations (year 3; 2009-2010). 
Pepper  Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay (TB)
locations are from upstream to downstream in the estuary.
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Figure 21: Survival of juvenile oysters in open bags deployed at various sampling locations (year 3; 2009-2010). 
Pepper  Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK) and Tarpon Bay (TB) 
locations are from upstream to downstream in the estuary.
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Figure 22: Mean survival of juvenile oysters in open and closed cages deployed at various sampling locations 
(year 1; 2007-2008). Survival values from all sampling locations were averaged every month. 
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Figure 23: Mean survival of juvenile oysters in open and closed cages deployed at various sampling locations 
(year 2; 2008-2009). Survival values from all sampling locations were averaged every month. 
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Figure 24: Mean survival of juvenile oysters in open and closed bags deployed at various sampling locations 
(year 3; 2009-2010). Survival values from all sampling locations were averaged every month. 



Sampling Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

S
pa

t R
ec

ru
itm

en
t (

sp
at

 / 
sh

el
l /

 m
on

th
)

-5

0

5

10

15

20

25

30

Figure 25: Mean spat recruitment in the Caloosahatchee Estuary during various sampling months. Spat 
recruitment data was averaged for all the sampling stations and sampling years (Oct 1999 - July 2010), 
for which data is available.
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Figure 26: Mean spat recruitment at various sampling locations in the Caloosahatchee Estuary. Locations 
Iona Cove (IC), Cattle Dock (CD), BI (Bird Island), Kitchel Key (KK), and Tarpon Bay (TB) are from upstream 
to downstream. Spat Recruitment data was averaged for all the sampling months and sampling years 
(Oct 1999 - July 2010), for which data is available.
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Figure 27: Mean spat recruitment at various sampling locations in the Caloosahatchee Estuary. Locations 
Pepper Tree Point (PTP), Iona Cove (IC), Cattle Dock (CD), BI (Bird Island), Kitchel Key (KK), and Tarpon 
Bay (TB) are from upstream to downstream. 
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Figure 28: Gondal Index of oysters from various sampling locations during the year. Results were averaged from 
all the years for which data is available (2000 - 2009). Gonadal Index values above the line (> 3.0 are reproductively 
activeLocations, Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK), and Tarpon Bay are from 
upstream to downstream. 
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Figure 29: Mean gondal Index of oysters from various sampling locations and sampling months averaged 
over the year. Results were averaged from all the sampling locations and months for each year. Locations
Iona Cove (IC), Cattle Dock (CD), Bird Island (BI), Kitchel Key (KK), and Tarpon Bay are from upstream to 
downstream. 



 

 

 

 

 

 

 

  

Figure 30. Hypothetical oyster-reef food web constructed using various sources: 1Meyer 1994, 
2Bahr 1974, 3Gibbons and Blogoslawski 1989, 4Bisker et al. 1989, 5McMichael and Peters 
1989, 6Grant and McDonald 1979, 7Fore and Schmidt 1973, 8Gilmore et al. 1983, 9Marshall 
1958, 10Peters and McMichael 1987, 11Overstreet and Heard 1982, 12Ingle and Smith 1956. 
(adapted from Tolley powerpoint slide)  
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Figure 31. Location of study sites in Estero Bay Aquatic Preserve in Southwest Florida. 



 

  

 
Figure 32. Spatial and seasonal (wet vs. dry) patterns in commensal organism abundance 
on oyster reefs at three stations along the salinity gradient of the Caloosahatchee River 
and Estuary. No seasonal differences were detected. 
  



 

 
Figure 33. Spatial and seasonal (wet vs. dry) patterns in commensal organism biomass on 
oyster reefs at three stations along the salinity gradient of the Caloosahatchee River and 
Estuary. No seasonal differences were detected, and no spatial differences were detected 
during the wet season.  
  



 
Figure 34. Spatial and seasonal (wet vs. dry) patterns in commensal organism species 
richness on oyster reefs at three stations along the Caloosahatchee River and Estuary. No 
significant spatial differences were detected, but richness was significantly greater during 
the dry season.    
  



 
Figure 35. Spatial and seasonal (wet vs. dry) patterns in commensal organism diversity 
(Shannon Index: H’) on oyster reefs at three stations along the Caloosahatchee River and 
Estuary. No significant seasonal differences were detected.    
  



 
Figure 36. Spatial and seasonal (wet vs. dry) patterns in commensal organism dominance 
on oyster reefs at three stations along the Caloosahatchee River and Estuary. Dominance 
was significantly greater during the wet season compared to dry.     
 
  



 

 
 
Figure 37. Multidimensional scaling of samples collected along the salinity gradient of 
the Caloosahatchee (U = upper, M = Middle, L = Lower) during the dry season (green 
lines represent 60% similarity). Samples from all three stations are separable from one 
another, with samples from the upper station falling into two groups at 60% similarity.  
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Figure 38. Multidimensional scaling of samples collected along the salinity gradient of 
the Caloosahatchee (U = upper, M = Middle, L = Lower) during the wet season (green 
lines represent 60% similarity). Samples from the upper and middle stations are more 
similar to one another and are distinct from those collected at the lower station.   
  

Transform: Square root
Resemblance: S17 Bray Curtis similarity

Similarity
60

U

U U

M

M

M

L

L

L
U

U

U

M

M

M

L

L

2D Stress: 0.08



 

Figure 39. Average monthly discharge data in m3 s-1 for Estero River and Ten Mile Canal USGS 
sampling sites from January 2008 to February 2009.  
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Figure 40. Mean stable isotope values with δ13C versus δ15N for Estero River site in May 2008. Groups of samples are designated in boxes. Error 
bars represent ± 1 SE(standard error). 
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Figure 41. Mean stable isotope values with δ13C versus δ15N for Estero River site in September 2008. Groups of samples are designated in boxes. 
Error bars represent ± 1 SE (standard error). 
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Figure 42. Mean stable isotope values with δ13C versus δ15N for Estero River site in November 2008. Grouped samples are designated by boxes. 
Error bars represent ± 1 SE (standard error). 
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Figure 43. Mean stable isotope values with δ13C versus δ15N for Estero River site in February 2009. Grouped samples are designated by boxes. 
Error bars represent ± 1 SE (standard error). 
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Figure 44. Mean stable isotope values with δ13C versus δ15N for Hendry/Mullock Creeks site in May 2008. Groups of samples are designated in 
boxes. Error bars represent ± 1 SE (standard error). 
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Figure 45. Mean stable isotope values with δ13C versus δ15N for Hendry/Mullock Creeks site in September 2008. Groups of samples are designated 
in boxes. Error bars represent ± 1 SE (standard error). 
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Figure 46. Mean stable isotope values with δ13C versus δ15N for Hendry/Mullock Creeks site in November 2008. Groups of samples are designated 
in boxes. Error bars represent ± 1 SE (standard error). 
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Figure 47. Mean stable isotope values with δ13C versus δ15N for Hendry/Mullock Creeks site in February 2009. Groups of samples are designated 
in boxes. Error bars represent ± 1 SE (standard error). 
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Figure 48. Principle component analysis (a) loadings and (b) scores for factors 1 and 2 of δ13C samples, including sediments, for all sampling 
periods and both Estero River and Hendry/Mullock Creeks. Factor 1 accounted for 71.3% of the variability in the data, whereas Factor 2 
accounted for 11.1% of the variability. ER0508=Estero River May 2008, ER0908=Estero River September 2008, ER1108=Estero River 
November 2008, ER0209=Estero River February 2009, HC0508=Hendry/Mullock Creeks May 2008, HC0908=Hendry/Mullock Creeks 
September 2008, HC1108=Hendry/Mullock Creeks November 2008, HC0209= Hendry/Mullock Creeks February 2009.      
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Figure 49. Principle component analysis (a) loadings and (b) scores for factors 1 and 2 of δ13C samples except sediments for all sampling 
periods and both Estero River and Hendry/Mullock Creeks. Factor 1 accounted for 78.7% of the variability in the data, whereas Factor 2 
accounted for 8.5% of the variability. ER0508=Estero River May 2008, ER0908=Estero River September 2008, ER1108=Estero River 
November 2008, ER0209=Estero River February 2009, HC0508=Hendry/Mullock Creeks May 2008, HC0908=Hendry/Mullock Creeks 
September 2008, HC1108=Hendry/Mullock Creeks November 2008, HC0209= Hendry/Mullock Creeks February 2009.    



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 50. Principle component analysis (a) loadings and (b) scores for factors 1 and 2 of δ15N samples, including sediments for all sampling 
periods and both Estero River and Hendry/Mullock Creeks. Factor 1 accounted for 47.8% of the variability in the data, whereas Factor 2 
accounted for 20.4% of the variability. ER0508=Estero River May 2008, ER0908=Estero River September 2008, ER1108=Estero River 
November 2008, ER0209=Estero River February 2009, HC0508=Hendry/Mullock Creeks May 2008, HC0908=Hendry/Mullock Creeks 
September 2008, HC1108=Hendry/Mullock Creeks November 2008, HC0209= Hendry/Mullock Creeks February 2009.    
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Figure 51. Principle component analysis (a) loadings and (b) scores for factors 1 and 2 of δ15N samples except sediments for all sampling 
periods and both Estero River and Hendry/Mullock Creeks. Factor 1 accounted for 47.3% of the variability in the data, whereas Factor 2 
accounted for 23.0% of the variability. ER0508=Estero River May 2008, ER0908=Estero River September 2008, ER1108=Estero River 
November 2008, ER0209=Estero River February 2009, HC0508=Hendry/Mullock Creeks May 2008, HC0908=Hendry/Mullock Creeks 
September 2008, HC1108=Hendry/Mullock Creeks November 2008, HC0209= Hendry/Mullock Creeks February 2009.   
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Figure 52. Conceptual model of trophic relationships based on stable isotope signatures in the current study. 



 

Figure 53. Simplified conceptual model of trophic relationships based on stable isotope signatures in the current study. Carbon flow travels up 
trophic levels.  


