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Intensive field observations were performed to elucidate the effect of 

cyanobacterial blooms and other environmental factors to zooplankton community 

structure and abundance in Lake George, Florida. Samples were obtained weekly 

during night time and bi-weekly during day time in two different locations in the lake. 

Water samples were collected with an integrated pole that collected water from the 

surface to the bottom of the water column. Zooplankton were identified, enumerated, 

and measured for biovolume estimates using an inverted microscope. Other parameters 

included water temperature, conductivity, dissolved oxygen, turbidity, color, pH, 

cyanobacterial toxins, chlorophyll a level, silica, and nitrogen and phosphorus contents.  

The study period (March 25, 2009 – June 17, 2009) was characterized by three 

major trends; 1) Phytoplankton bloom in April with an equal mix of nitrogen-fixing 

cyanobacteria and diatoms, 2) A second larger phytoplankton bloom (up to 92 μg/L of 

chlorophyll a) dominated by cyanobacteria, and 3) A major rainfall event that resulted in 

a large influx of water from the watershed, associated with an increase in nutrient 

concentrations but a decrease in phytoplankton biomass. Cyanobacterial toxin levels 
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(cylindrospermopsin, microcystins, and saxitoxin) were coincident with chlorophyll a 

levels and phytoplankton community composition. 

Fifty-one zooplankton taxa were observed and subdivided into three major 

groups: rotifers, cladocerans, and copepods. The three major groups were further 

subdivided into eleven functional groups based on zooplankton major feeding habit and 

body size. Rotifers were the major zooplankton during the first phytoplankton bloom, 

and were succeeded with cladocerans during the bloom intersession, before copepods 

became more abundant during the second bloom.  

Correlation analyses were performed between zooplankton composites – all 

abundance indices and the full suite of other parameters determined in the study. A 

numbers of significant relationships were revealed which provided insights into the 

potential driving factors for the succession pattern of zooplankton observed over the 

study period. The primary correlated factors included chlorophyll a levels, nitrogen 

concentration, cyanobacterial toxin levels, and temperature, suggesting that both 

phytoplankton biomass and composition play important roles in zooplankton dynamics. 

The correlation varied between functional groups indicating that differences in feeding 

preferences and sensitivities to toxins also play an important role in succession. 
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CHAPTER 1 
INTRODUCTION 

Eutrophication of surface waters and the associated blooms of phytoplankton 

and plants are important issues of concern in many regions around the world (Nixon, 

1995; Smith, 1998; Smith et al., 1999; Paerl et al., 2001; Phlips et al., 2002). In 

eutrophic and hypereutrophic lakes, intense phytoplankton blooms can be associated 

with harmful effects, including hypoxia, strong light attenuation, loss of species diversity, 

and alterations of food web interrelationships (Kotak et al., 1993; McComb & Davis, 

1993; Chorus & Bartram, 1999; Haider et al., 2003). In the case of blooms involving 

cyanobacteria, the poor palatability and potential toxicity of certain species can 

represent unique challenges to the health and stability of ecosystems (Lawton & Codd, 

1991; Martin & Cooke, 1994; Kaebernick & Neilan, 2001).  

The ecological implications of toxic cyanobacteria have been an important area 

of research for decades (Chorus & Bartram, 1999).   A number of major strains in these 

cyanobacteria may produce toxins, which can be harmful to aquatic organisms including 

zooplankton (Haider et al., 2003; Kaebernick & Neilan, 2001). 

Interactions between phytoplankton and zooplankton in freshwater ecosystems 

have become an important focus of research for decades (Porter, 1977; Mitra & Flynn, 

2005; Carpenter & Kitchell, 1988; Havens et al, 1996).  Zooplankton play a pivotal role 

in freshwater ecosystems as a critical link between phytoplankton producers and 

planktivores in the food web. Alterations in zooplankton community structure, 

abundance, and size can lead to changes in fish and invertebrate communities, thereby 

affecting the structure and function of the entire ecosystems (Carpenter & Kitchell, 

1988; Havens et al., 1996). It has been shown that phytoplankton and zooplankton can 
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have mutually supportive interactions with respect to grazing or nutrient regeneration 

(Havens et al., 1996; Carney & Elser, 1990).  Large colonial or filamentous 

phytoplankton and toxic species, however, are less efficiently grazed by most 

zooplankton, enhancing the potential for blooms (Dong, 2010). 

The focus of this study was the dynamics of zooplankton in relation to 

cyanobacterial blooms. The central objective of the study was to follow changes in the 

zooplankton community during the course of cyanobacterial blooms in Lake George, a 

large subtropical eutrophic lake in Florida, with a long history of intense cyanobacterial 

blooms. Lake George is part of the St. Johns River ecosystem, which is recognized as 

one of the most important river basins in the United States (SJRWMD, 2010; SJRWMD, 

2008). Phytoplankton blooms in Lake George have included cyanobacteria species that 

are potentially toxic, such as Cylindrospermopsis sp., Anabaena sp., Anabaenopsis sp., 

and Aphanizomenon sp. (Dong, 2010). 

Temporally intensive field observations were carried out in Lake George to 

describe changes in chlorophyll concentration, major cyanobacterial toxins, zooplankton 

composition and abundance, and related physical and chemical variables.  A 

complimentary study of phytoplankton dynamics provided information for comparative 

analyses (Dong, 2010). Zooplankton abundance and environmental factors were 

examined statistically to help define relationships between phytoplankton, zooplankton, 

and water column conditions.  It was hypothesized that spring/early summer 

phytoplankton blooms in Lake George are dominated by a succession of cyanobacteria 

species that are correlated with temporal changes in zooplankton structure and 
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abundance, reflecting the relative adaptability of different functional groups to trends in 

phytoplankton composition and abundance.  
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CHAPTER 2 
RESEARCH DESIGN AND METHODOLOGY 

Study Site 

Lake George is the second largest lake in Florida, and located in the subtropical 

zone in the northeast region of the state. Lake George is a freshwater, and the largest 

lake on the St Johns River basin with approximately 175 km2 in its surface area (Piehler 

et al., 2009). The drainage basin of Lake George encompasses 2,025 km2 in East 

Central Florida (Bass, 1983). The lake has been designated by a state agency, the St 

Johns River Water Management District, as a major water source that has high potential 

to supply Central Florida municipal area. 

Major inflows to the lake include St. Johns River at the southern end, Salt Spring 

Creek, Silver Glen Springs Run, and Juniper creek. The major outflow is the St. Johns 

River in the northern end near the city of Georgetown. Lake George is categorized as a 

river lake, which literally means that the lake is relatively dynamic and circulation within 

the lake is dominated by the river.  

Sampling Locations 

Two sampling locations in the lake were selected for this study: LEO (29˚ 18' 29.9" 

N, 81˚ 36' 22.95" W) and LAG (29˚ 15' 17.82" N, 81˚ 35' 28.2" W) (Figure 2-1). Both 

sampling sites were located in the main navigation channel in the lake. LAG was 

located at channel marker 9 in the south part of the lake, near the inflow of the upper St. 

Johns River. LEO is located in the north-central region of the lake near channel marker 

4. LEO has no aquatic macrophyte coverage, whereas LAG is closer to the shoreline 

and thus may be influenced by littoral vegetation (Cichra, 2009). These two sites are 
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monitored regularly for physical and chemical variables by SJRWMD and The United 

States Geological Survey (USGS).     

Field Observation and Water Sampling 

Field observations and water sampling were carried out at LEO and LAG in 2009 

from March 25, 2009 to June 23, 2009. Sampling consisted of water collection and field 

measurements of meteorological and water column physical variables. Day time 

sampling was done biweekly every Monday and Thursday between 0930 and 1130 hrs. 

Night time sampling was done weekly every Thursday between 0300 and 0500 hrs. 

Sampling was suspended from May 18-21, 2009 due to inclement weather. 

 Water depth, temperature, specific conductivity, dissolved oxygen, and pH were 

measured with a calibrated multiprobe Hydrolab Quanta Environmental Multiprobe. 

These variables were measured at the water surface and every 50 cm below the 

surface. Water transparency was determined with a 20-cm Secchi disk during daytime 

sampling. 

Water samples were composited from at least five integrated PVC tubes that 

collected water from the surface to near the bottom of the water column, thereby 

reducing the effect of vertical stratification of plankton. Subsamples of water were 

withdrawn from these combine samples for measurements of chlorophyll a 

concentration (250 ml), zooplankton enumeration (3,000 ml), cyanobacterial toxin 

analysis (15 ml), and water chemistry analyses (125 ml).   

 Phytoplankton was filtered onto 0.7 µm glass fiber filters. Filters were kept on ice 

in the dark and returned to the laboratory for analyses. Chlorophyll a was extracted on 

the same day as sampling according to (Sartory & Grobbelaar, 1984). Filter paper was 

placed in 90% ethanol at 78̊C for five minutes then incubated in the dark at room 
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temperature for at least 24 hr. Samples were centrifuged at 20,000 rpm and 20˚C for 20 

min. to eliminate filter debris. Spectrophotometric analysis for chlorophyll a and 

phaeophytin was determined spectrophotometrically according to the method 10200 H.2 

(APHA, 2005). 

 Water subsamples (125 ml) for nutrient analysis were kept in acid-washed plastic 

bottles and kept frozen. Turbidity was determined using a Lamotte® 2020 turbidimeter 

and expressed in Nephelometric Turbidity Units (NTU). Colored dissolved organic 

matter (CDOM) was determined spectrophotometrically using samples filtered through 

glass fiber filters (0.7 µm pore size) according to standard methods (APHA, 2005) and 

expressed as platinum cobalt units (PCU). 

Total Phosphorus (TP) and Soluble Reactive Phosphorus (SRP) were determined 

spetrophotometrically, using the molybdenum-ascorbate method 4500-P (APHA, 2005). 

Persulfate digestion and autoclaving were for TP determination. 

Total Nitrogen (TN), Ammonium (NH4
+) Nitrite (NO2

-), and Nitrite/Nitrate (NOx) 

were determined using a continuous flow autoanalyzer. For TN analysis, persulfate-

digested samples were injected through a cadmium column. NH4
+, NOx and NO2

- were 

determined on samples filtered through 0.7 µm glass fiber filters. NOx and NO2
- were 

determined with and without a coupling cadmium column respectively. Nitrate 

concentrations were obtained by subtracting nitrite value from NOx concentration. 

Silica levels in water samples were determined spectrophotometrically using 

ammonium molybdate reagent in the molybdosilicate method 4500-SiO2 C (APHA, 

2005).  
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Cyanobacterial Toxin Analysis 

Aliquots of water subsamples (5 ml) were kept frozen in glass tubes until analysis 

for toxins including cylindrospermopsin (CYL), microcystins (MCY), and saxitoxin (SAX). 

They were determined using enzyme-linked immunosorbent assay method (ELISA). 

ELISA test kits for the three toxins were obtained from Abraxis® LLC (Microtiter plate 

ELISA kit PN 522011 for CYL and PN 52255B for SAX, and tube ELISA kit PN 520012 

for MCY).  

Preparation for CYL and SAX involved triple freeze-thaw cycles for toxin 

extraction. Extraction for MCY involved 1-minute incubation in 100˚C distilled water and 

cooled down to room temperature. Extracted samples were centrifuged at 20,000 rpm 

and 20̊ C for 20 minutes. Supernatant was loaded into multiwell plates before analysis.  

Microscopic Analysis of Zooplankton 

Subsamples for zooplankton analysis were preserved in the field using Lugol’s 

solution (APHA, 2005). Each preserved sample was filtered onto a 41 µm nylon mesh 

and brought to a final volume of 20 ml. Zooplankton were identified and counted 

according to the Utermohl method (Utermohl, 1958) in a glass settling chamber using 

an inverted compound microscope at 100x magnification. Samples were identified to the 

lowest practical taxonomic level. Sample enumeration was continued until at least 100 

individuals of a dominant taxon were counted in the sample, and at least 3 ml of 

adjusted volume was enumerated. Zooplankton species and/or genera were 

categorized into major phyla and eleven functional groups based on their common 

feeding habit and body size (see Appendix A).  

For biovolume determinations, zoopankton were measured with a micrometer-

equipped ocular. At least 30 individuals from each taxonomic unit were measured. 
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Absolute and relative biovolume of zooplankton were estimated by assigning the closest 

geometric shape to each taxon (Halliday, 2001; Sarkar & Jana, 1985). 

Precipitation and River Flow Rate 

Daily total precipitation data were obtained from the United States Geological 

Survey (USGS) archive website at LEO station (USGS Station number 291-830-081-

362-200, Lake George at Mile Marker 5 near Salt Spring, FL) 

(http://waterdata.usgs.gov/fl/nwis/current/?type=precip, Accession date: May 21, 2010). 

Figure 2-2 illustrates the data over time. Precipitations were generally observed at 

approximately 2 cm except in the period of mid-April to mid-May, when there was nearly 

no precipitation. The highest precipitation recorded during the study period was in mid-

May (May 18, 2009) when there was 7.85 cm of rainfall. This rainfall peak was followed 

by several peaks soon afterwards. 
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Figure 2-1. Location of Lake George in Florida regional outline map and locations of the 
two selected sampling sites, LEO and LAG, in Lake George. 

 

 

Figure 2-2. Total daily precipitation at the LEO station during the study period. Data 
were available only for the LEO site, and were obtained from the United 
States Geological Survey archive website 
(http://waterdata.usgs.gov/fl/nwis/current/?type=precip). Accession date was 
May 21, 2010) 
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CHAPTER 3 
RESULTS 

Chlorophyll a Concentration 

 Chlorophyll a concentrations revealed two peak periods of phytoplankton 

biomass, one in mid-April and one in late May to early June (Figure 3-1) Mean group 

analysis showed three distinct temporal stages of chlorophyll a dynamics: 1) 

development of the first bloom, 2) development of the second bloom, and 3) the decline 

of the second bloom. Two-way Analysis of Variance (ANOVA) revealed there was no 

significant different in overall chlorophyll a levels either between the two sampling sites 

(LEO and LAG) or between the sampling times (day and night) (F = 1.89, p = 0.1450). 

There was one noteworthy difference in chlorophyll a concentrations at LAG and 

LEO. Chlorophyll a concentration during the second bloom event at LAG decline sharply 

from approximately 70 µg/L to 20 µg/L between May 21 and June 3, but concentrations 

at LEO continued to increase to 90 µg/L until a sharp decline to 45 µg/L from June 6 to 

June 10. 

Cyanobacterial Toxin Levels 

Three cyanobacterial toxins were detected at both stations in Lake George, 

cylindrospermopsin, microcystins, and saxitoxin. Saxitoxin levels (Figure 3-2A) ranged 

between 0.01 and 0.43 µg/L. The peak value of 0.43 µg/L were observed during mid-

April and decreased slightly after the peak. This trend was similar to that of the first 

planktonic chlorophyll bloom. Cylindrospermopsin concentrations ranged from 0.02 to 

0.77 µg/L (Figure 3-2B). The concentrations generally followed the trend in chlorophyll a 

concentration during the second bloom period at the two stations (LEO and LAG). 

Microcystin levels (Figure 3-2C) generally increased during the study period, and 



 

23 

ranged between 0.05 and 1.06 µg/L. The overall means of these three cyanobacterial 

toxin levels were not significantly different between the two sampling sites (LEO and 

LAG) or between the two sampling times (day and night).  

Water Chemistry and Physical Variables 

Fifteen water column variables were included in the study: depth, temperature, 

Secchi depth, turbidity, CDOM, dissolved oxygen, conductivity, pH, TP, SRP, TN, NO3
-, 

NO2
-, NH4

+ and Si.    

Water depth (Figure 3-3) remained near 3 m from the beginning of the study 

through mid-May. Thereafter, water depth increased to approximately 4 m until the end 

of the study. This general trend was observed at both LEO and LAG. Water depths at 

both sampling sites were not significantly different (F = 1.55, p = 0.2132) 

Surface water temperatures (Figure 3-4) were not significantly different either 

between LEO and LAG or between day and night (F = 0.15, p = 0.9319). However, 

daytime temperature levels were generally higher than nighttime temperature. 

Temperature gradually increased from 22̊C in late March to approximately 32˚C in late 

June.  

Secchi depth (Figure 3-5) ranged from 0.6 m to 1.0 m during the study. Mean 

values were not significantly different between LEO and LAG (F = 1.23, p = 0.2542). 

There were two periods when Secchi depth at LAG was lower than that at LEO on April 

22 and Jun 3, 2009. 

In general, turbidity had the same overall trend with chlorophyll a level (Figure 3-

6). No significant differences, either between LEO and LAG or between day and night, 

were observed for turbidity (F = 0.60, P = 0.6178). There were two peaks values, which 

ranged from 4-10 NTU. The first and second peaks were observed during mid-April and 
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late May, respectively. The first peak was higher in LAG than in LEO while turbidity in 

LEO during the second peak was generally higher than that in LAG.   

True water color, measured as colored dissolved organic matter, ranged between 

about 40 to 200 PCU (Figure 3-7). Color levels in both LEO and LAG were not 

significantly different (F = 1.40, p = 0.2540). However, the levels in both sampling sites 

were similar in their trends in that they generally decreased from the beginning of the 

study through May 27, when the color was approximately 40 PCU in LEO. After that, the 

levels sharply increased from late May to the end of the study, and were usually higher 

in LAG than in LEO. 

Dissolved oxygen (Figure 3-8) was observed at both the water surface and near 

the lake bottom. Measurements at both depths were not significantly different, either 

between sampling sites or between day and night (Surface: F = 2.37, p = 0.0832; 

Bottom: F = 0.40, p = 0.7559). However, the overall patterns in dissolved oxygen 

dynamics at the water surface and at the lake bottom were not similar. Dissolved 

oxygen at the water surface ranged approximately between 4 and 12 mg/L, and was 

usually lower in night samples. The two lowest values were observed on May 6 and 

June 3. Near the lake bottom, dissolved oxygen remained more stable than at the 

surface, with DO ranging from approximately 8 to 10 mg/L before decreasing to 2 mg/L 

in mid-June.  

Specific conductivity (Figure 3-9) was not statistically different either between 

LEO and LAG or between day and night (F = 0.35, p = 0.7926). Values at the two sites 

displayed similar trend, ranging between 1.0 to 0.8 mS/cm. They gradually increased 

during late March to mid May before dropping, and remained at approximately 0.8 
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mS/cm until the end of the study. The levels at LAG in the declining period 

weregenerally lower than those at LEO. 

No statistical difference was found in pH between LEO and LAG or between day 

and night samples (F = 0.99, p = 0.4070). pH generally ranged between 8.00 and 9.25 

during this study (Figure 3-10). However, a significant, sharp drop in pH was observed 

from April 29 to May 6, when the pH dropped to approximately 7.25. 

TP and SRP (Figure 3-11) showed similar overall temporal patterns although 

they were not significantly different either between LEO and LAG or between day and 

night samples (TP: F = 1.22, p = 0.3130; SRP: F = 1.01, p = 0.3952). TP and SRP 

ranged from 0.02 to 0.14 and 0.01 to 0.11 mg/L (as P), respectively. They were 

relatively stable from late March to the end of May. After that, the levels increased 

sharply, and were significantly higher in LAG than in LEO.   

Total nitrogen concentrations (Figure 3-12), ranged from 0.75 to 1.71 mg/L as N, 

which was present, in part, as ammonium (0.04 – 0.23 mg/L as N), nitrate (0 – 0.04 

mg/L as N), and nitrite (0 – 0.01 mg/L as N). TN and ammonium generally displayed 

similar trends. They gradually increased during the study with peaks on April 22 and Jun 

7. TN was significantly higher in LEO than in LAG (F = 2.66, p = 0.0594) while no 

significant difference was found between the sites for NO3
-, NO2

-, and NH4
+ (NO3

-: F = 

0.64, p = 0.5940, NO2
-: F = 0.84, p = 0.4778, and NH4

+: F = 0.41, p = 0.7443). Nitrate 

and nitrite followed similar trends in that they remained stable from late March to late 

May. After that, sharp increases were observed in both variables at both sampling sites. 

Nitrate and nitrite were distinctly higher in LAG than in LEO during this period of 

increase. 
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Overview Survey of Zooplankton 

 Fifty-one identifiable zooplankton genera and/or species were observed in the 

water samples collected at LEO and LAG over the study period. The genera observed 

fell within two major phyla: Arthropoda and Rotifera. The observed taxa are shown in 

Table 3-1. 

Dynamics of Three Major Zooplankton Groups 

Cladocerans 

Cladoceran biovolume remained below 206×106 µm3/L until a sharp increase in 

early May (Figure 3-14), peaking in mid-May. Cladoceran biovolume decreased again in 

early June before reaching the second peak in mid-June. Cladoceran biovolume 

showed similar trends at both sites and in day and night samples.  

Biovolume of cladocerans relative to total zooplankton biovolume ranged from 

2.4 to 81.5 % during the study period. Relative biovolume of cladocerans exceeded 

80% during periods of peak abundance in mid-May and mid-June, with similar trend at 

both sites and in both day and night samples. 

Cladoceran abundances ranged from 2 to 1,171 individuals/L, with peaks in mid-

May and mid-June at both sites and in both day and night samples (Figure 3-14). 

Cladoceran abundance relative to total zooplankton abundance ranged from 0.2% to 

37.3% (Figure 3-14). The trends for abundance and relative abundance were similar to 

that observed for biovolume and relative biovolume.   

Copepods 

Copepod biovolume generally increased during the study period (Figure 3-15). 

The value ranged from 9.7×106 to 734.7×106 µm3/L with two peaks in mid-May and mid-

June, which showed much higher copepod biovolume in LEO than in LAG.  It started 
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increasing in late April. During this increasing period, copepods in LEO were generally 

more abundant in the night than in the day until the end of May. This trend was also 

observed in LAG, but it was observed in late June.  

Relative biovolume of copepod to total zooplankton followed the trend in copepod 

absolute biovolume (Figure 3-15). The relative value generally ranged from 3.6% to 

75.5% during the study period. The highest peak of copepod relative biovolume was 

observed in early June. LEO and LAG were similar in their copepod relative biovolume, 

but LAG had higher copepod relative biovolume from early May to the end of the study. 

Copepods were generally more abundant in night time than in day time before the 

beginning of the increase in relative biovolume. 

Copepod abundance ranged from 32 – 630 individuals/L (Figure 3-15), which 

accounted for 1.5% to 53.8% of the total zooplankton abundance. The trend observed 

was similar to that of biovolume and relative biovolume. 

Rotifers 

Rotifer biovolume ranged from 18.6×106 to 1,267×106 µm3/L with two distinct 

peaks in late April and in mid-June (Figure 3-16). The second peak was relatively 

smaller than the first peak.  Rotifer biovolume in LEO was generally higher than that in 

LAG from late March to the top of the first peak. The first peak decreased sharply and 

remained low during May to early June. The second peak was observed in mid-June, 

which showed the higher rotifer biovolume in LEO than in LAG. 

Rotifer relative biovolume ranged from 1.7% – 90.6% during the study period 

(Figure 3-16). The overall trend followed its biovolume dynamics in that there were two 

peaks, in late April and in mid- June. The highest peak in rotifer relative biovolume was 

approximately at 90%, which decreased sharply in early May to about 10-20% before 



 

28 

increasing slightly in June. Rotifers were generally more abundant during day time than 

during night time. 

Rotifer abundance ranged from 174 – 8,390 individuals/L (Figure 3-16), which 

accounts for 28.4% – 97.7% in term of its relative abundance (Figure 3-16). The 

observed trend was similar to that of its biovolume and relative biovolume. 

Zooplankton Dynamics in Different Functional Groups 

Zooplankton species were assigned to different ecological functional groups 

according to their similar ecological guilds in feeding habit, body size, and taxonomic 

categories (Appendix A). Eleven fuctional groups of zooplankton include: Bosminidae; 

Sididae; Daphniidae; Copepod nauplii; Herbivorous copepods; Carnivorous copepods; 

Omnivorous copepods; Microrotifers; Mesorotifers; Megarotifers; and Raptorial rotifers. 

Two-way ANOVA revealed none of the zooplankton among eleven functional groups 

was statistically different either in their biovolume or abundance between the two 

sampling sites.  

Cladocerans 

The cladocerans belonged to three functional groups; Bosminidae, Daphniidae, 

and Sididae. The general trend of these three groups mostly follows the dynamic trend 

of cladocerans. Bosminidae was the most abundant among the group of cladocerans, 

and was found throughout the study period in all samples (Figure 3-17) while the group 

of Sididae (Diaphanosoma spp.) was found from early May to late June (Figure 3-17). 

Daphniidae (Daphnia and Ceriodaphnia) was the group with least biovolume of these 

three functional groups, and was limited from late May to late June (Figure 3-17). 
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Copepods 

Copepods were categorized by feeding habits to four different functional groups: 

Copepod nauplii, Herbivorous, Carnivorous, and Omnivorous Copepods. Copepod 

nauplii were the most abundant in term of biovolume among the copepods. Its dynamic 

trend was gradually increased in biovolume over time, and generally followed the trend 

of the copepod group as a whole (Figure 3-18). Herbivorous copepods were present 

from late April and were at their most abundant during mid-June, when the second 

planktonic algal bloom occurred (Figure 3-18). Carnivorous copepods were found 

mainly during day time in both sampling sites, and displayed peak biovolume during 

mid-May to late-May, before dramatically decreasing in June (Figure 3-18). Omnivorous 

copepods were the groups with the lowest peak biovolume among the copepods, and 

generally had two peaks in early May and early June (Figure 3-18). 

Rotifers 

Four different functional groups of rotifers (Microrotifers, Mesorotifers, 

Megarotifers, and Raptorial Rotifers) were differentiated based on body size and 

feeding habits. The overall trend of microrotifers, mesorotifers, and megarotifers mostly 

followed the dynamics of the rotifer group as a whole, with two observed peaks in their 

absolute biovolume in early May and in mid-June. Mesorotifers were the most abundant 

group in terms of biovolume (Figure 3-19), while microrotifers and megarotifers were 

approximately the same. Microrotifers were almost absent after the first peak in early 

May (Figure 3-19) while Megarotifers dominanted the second peak in biovolume (Figure 

3-19). Raptorial rotifers were also abundant in the first peak during early may at the 

LAG site, and one-week later for the LEO site (Figure 3-19). 
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Relationship between Zooplankton and Physical-Chemical Variables 

Major Group Level 

In general, zooplankton biovolumes were associated with more physical and 

chemical variables as well as cyanobacterial toxins at the LEO site than at LAG.  

Cladoceran biovolumes at LEO (Table 3-2 column xii) were mainly positively 

correlated with variables including  temperature, depth, color, TN, NO2, NH4, TP, SRP 

and Si while they were not significantly correlated in LAG station (Table 3-3 column xii) 

except temperature and TN. Conductivity and dissolved oxygen at the lake bottom in 

LEO were negatively correlated to cladoceran biovolume. Cylindrospermopsin and 

microcystins were positively correlated with cladoceran biovolume while saxitoxin 

showed negative correlation with cladoceran biovolume at LEO. No significant 

correlation was found between cyanobacterial toxins and cladoceran biovolume at LAG. 

For copepod taxa, correlations in LEO (Table 3-2 column xiii) were generally 

similar to those in LAG (Table 3-3 column xiii). The biovolumes of copepods were 

positively correlated with temperature, color, silica, NOx, NO2, TP and SRP in both 

station while there were significant positive correlations only in LEO for NH4 and only in 

LAG for NO3. Correlation with cyanobacterial toxins yielded in the same trend in both 

sites in that copepod biovolume was positively correlated to cylindrospermopsin and 

microcystins, and negatively correlated to saxitoxin.  

Rotifer biovolume was mostly negatively correlated with various physical and 

chemical variables including water depth, chlorophyll levels and TN in both stations. 

Additionally, at LEO (Table 3-2 column xiv), they were negatively correlated with 

turbidity and pH, while temperature, silica, NH4, TP and SRP were found to be 

negatively correlated with rotifer biovolume at LAG (Table 3-3 column xiv). Saxitoxin 
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level was positively correlated to rotifer at both stations, but cylindrospermopsin was 

found to be negatively related to rotifer biovolume at LAG. 

Functional Group Level 

Biovolumes of three functional groups of cladocerans (Bosminidae, Sididae, and 

Daphniidae) were analyzed for their correlation with physical and chemical variables. 

Bosminidae (Table 3-2 and Table 3-3 column i) was more strongly correlated with  

physical and chemical variables at LEO than at LAG, while Daphniidae (Table 3-2 and 

Table 3-3 column iii) were more highly correlated with those variables at LAG than at 

LEO.  Color, silica, NOx, NO2, NH4, TP, SRP as well as the three cyanobacterial toxins 

were positively correlated to the functional group Bosminidae, while the group was 

negatively correlated with conductivity and dissolved oxygen at LEO. No significant 

correlation between Daphniidae and physical-chemical variables was observed at LEO, 

but many variables, including temperature, color, dissolved inorganic nitrogen forms and 

SRP were positively correlated with Daphniidae absolute biovolume. In terms of 

cyanobacterial toxins, Bosminidae showed positive correlation with the three toxins at 

LEO, and no other significant relationship was found either at LAG or in other 

cladoceran functional groups.  

Four copepod functional groups including nauplii, herbivorous, carnivorous, and 

omnivorous types were categorized according to their different feeding habits (Table 3-2 

and Table 3-3 column iv-vii). Carnivorous and omnivorous copepods were generally not 

associated with physical and chemical variables. Secchi depth and carnivorous 

copepod biovolume, however, displayed a significant relation at both stations. 

Omnivorous copepod biovolume was positively and negatively correlated to 

temperature and dissolved oxygen at water surface, respectively at LEO station, but not 
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at LAG. Copepod nauplii were positively correlated with many chemical variables in 

LEO, but herbivorous copepods were not associated with chemical variables at both 

sites. Conductivity and dissolved oxygen were negatively correlated to both nauplii and 

herbivorous copepod biovolume, while temperature was positively correlated. Copepod 

nauplii and herbivorous copepods were positively correlated to cyanobacterial toxins, 

copepod nauplii and herbivorous copepod were positively correlated to 

cylindrospermopsin and microcystins, and negatively correlated with saxitoxin at LEO. 

At LAG, there was no significant correlation between  cylindrospermopsin and the two 

functional groups. Carnivorous and omnivorous copepods had no significant 

relationship with the three toxins.  

Four rotifer functional groups were classified based on their body size and 

feeding habit. They were micro-, meso-, megarotifers, and raptorial rotifers. No 

significant correlation was found between raptorial rotifer biovolume and any physical or 

chemical variables at both sites (Table 3-2 and 3-3 column xi). Generally, micro-, meso-

, and megarotifers were associated with more variables in LEO than in LAG (Table 3-2 

and 3-3 column viii-x). Most of the significant correlation found with these three rotifer 

functional groups and water chemistry variables were negative. Temperature, 

conductivity, and dissolved oxygen at the lake bottom were positively correlated with 

mesorotifer biovolume in LAG. Cylindrospermopsin and saxitoxin were correlated 

negatively and positively with microrotifers and mesorotifers, respectively. Microcystins 

had a positive correlation with megarotifer biovolume at LAG. 
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Figure 3-1. Dynamics of chlorophyll a levels during the study period. 
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Figure 3-2. Dynamics of three cyanobacterial toxins: A) Saxitoxin, B) 
Cylindrospermopsin , and C) Microcystins. 
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Figure 3-3.  Depths at the sampling sites. 

 
 

  
 

Figure 3-4. Temperature at the water surface. 
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Figure 3-5. Secchi depths in the lake. 

 
 

 
 

Figure 3-6. Turbidity in NTU during the study period. 
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Figure 3-7. Water color (CDOM) during the study period. 
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Figure 3-8. Dissolved oxygen levels in A) water surface and B) 20 cm above the lake 
bottom. 
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Figure 3-9. Specific conductivity during the study period. 

 
 

 
 

Figure 3-10. pH at the water surface during the study period. 
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Figure 3-11. Phosphorus content in water samples were A) Total Phosphorus and B) 
Soluble Reactive Phosphorus. 
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Figure 3-12. The examination of nitrogen contents in water samples included A) Total 
Nitrogen, B) Ammonium, C) Nitrate, and D) Nitrite. 
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Figure 3-13. Silica levels during the study period. 
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Figure 3-14. Cladoceran abundance indices included their A) absolute biovolume, B) 
relative biovolume, C) absolute abundance, and D) relative abundance. 
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Figure 3-15. Copepod abundance indices included their A) biovolume, B) relative 
biovolume, C) abundance, and D) relative abundance. 
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Figure 3-16. Rotifer abundance indices included their A) biovolume, B) relative 
biovolume, C) abundance, and D) relative abundance. 
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Figure 3-17. Biovolume in three cladoceran functional groups A) Bosminidae, B) 
Sididae, and C) Daphniidae.  
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Figure 3-18. Biovolume in four copepod functional groups A) copepod nauplii, B) 
herbivorous copepod, C) carnivorous copepod, and D) omnivorous copepod. 
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Figure 3-19. Biovolume in four rotifer functional groups A) microrotifers, B) mesorotifers, 
C) megarotifers, and D) raptorial rotifers. 
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Table 3-1. Zooplankton species list found during this study period. “x” mark represents 
the presence of particular genera and species in samples collected at LEO 
and LAG during the day and night. 

Species list LEO LAG 
Day Night Day Night 

Phylum Arthropoda   
       Subphylum Crustacea   
           Class Branchiopoda   
    Bosmina spp. x x x x 

  Ceriodaphnia spp. x x x x 
  Daphnia ambigua x  

 
x 

  Daphnia spp. x  
    Diaphanosoma birgei x x x x 

  Diaphanosoma brachyurum x  x 
   Eubosmina spp. x x x x 

     Class Copepoda   
           Copepod nauplii x x x x 

  Juvenile calanoid copepods x x x x 
  Juvenile cyclopoid copepods x x x x 
  Adult Calanoid copepod spp. x x x x 
  Mesocyclops edax (female) x x x x 
  Mesocyclops edax  (male) x x x x 
  Tropocyclops spp. (female) x x x 

   Tropocyclops spp. (male) x  
  Phylum Rotifera   
    Aneuropsis spp. x x x x 

  Asplanchna spp. x x x x 
  Asplanchna-like rotifer x x x x 
  Brachinus angularis x x x x 
  Brachionus caudatus x  

    Brachionus havanensis x x x x 
  Brachionus quadridentatus   x 

   Brachionus spp.   x 
   Cephalodella spp. x x x x 

  Collotheca mutabilis x x x x 
  Collotheca pelagica x x x x 
  Conochiloides spp. x x x x 
  Conochilus unicornis x x x x 
  Filinia longiseta x x x x 
  Filinia terminalis   x 

   Harringia spp. x  x 
   Hexarthra spp. x x x x 

  Keratella chochlearis (longtail form) x x x x 
  Keratella chochlearis (shorttail form) x x x x 
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Table 3-1.  Continued 

Species list LEO LAG 
Day Night Day Night 

Phylum Rotifera (continued)   
    Keratella chochlearis (knobtail form)   x 

   Keratella tecta x x x x 
  Keratella tropica x  x x 
  Keratella valga x x x x 
  Lecane spp. x  x x 
  Lepadella spp. x x x 

   Monostyla spp. x  x 
   Notholca spp.  x x x 

  Notommata spp. x x x x 
  Polyarthra spp. x x x x 
  Synchaeta spp.  x 

    Synchaeta sp4. (round form) x x x x 
  Trichocerca multicranis x x x x 
  Trichocerca similis x x x x 
  Trichocerca sp.3 (non-descript form) x x x x 
  Unidentified rotifer (round form) x  x 

   Unidentified rotifer (top-shaped form)  x x x 
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Table 3-2. Correlation between water physical-chemical parameters and zooplankton absolute biovolumes in different 
levels of functional groups and taxa in the station of LEO. Positive (+) and negative (-) significant correlation at 
the confidence level of 95% are represented in the table. Blank cells represent the insignificant correlation 
between the parameters. 

 Functional group level Taxa level Total 
Zoo Cladocerans Copepods Rotifers Clad Cope Rotf Bosm Sidi Daph Naup Herb Carn Omni Micr Meso Mega Rapt 

(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi) (xii) (xiii) (xiv) (xv) 
Temperature +   + +  +   +  + +  + 
Conductivity -   - -       - -  - 
DO Top -   - -  -   -   -  - 
DO Bottom -   - -     -  - -  - 
Depth  +          +  -  
Secchi depth      -          
Turbidity         - -    -  
Color +   + +     +  + +  + 
pH        - - -    - - 
Chlorophyll        - -     -  
Silica +   + +     +  + +  + 
TN    +    - -   +  -  
NOx +    +     +   +  + 
NO2 +   + +     +  + +  + 
NO3     +     +      
NH4 +   + +   - -   + +   
TP +   + +       + +  + 
SRP +   + +     +  + +  + 
CYL +   + +   - -   + +   
MCY +   + +       + +  + 
SAX +   - -   + +   - - +  
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Table 3-3. Correlation between water physical-chemical parameters and zooplankton absolute biovolumes in different 
levels of functional groups and taxa in the station of LAG. Positive (+) and negative (-) significant correlation at 
the confidence level of 95% are represented in the table. Blank cells represent the insignificant correlation 
between the parameters. 

 Functional group level Taxa level Total 
Zoo Cladocerans Copepods Roifers Clad Cope Rotf Bosm Sidi Daph Naup Herb Carn Omni Micr Meso Mega Rapt 

(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) (ix) (x) (xi) (xii) (xiii) (xiv) (xv) 
Temperature +  + + +   + +   + + - + 
Conductivity    - -    +    - +  
DO Top     -           
DO Bottom    - -    +    -   
Depth         -    + -  
Secchi depth      -          
Turbidity             -   
Color   + + +    -    +   
pH          -      
Chlorophyll  +      - - -    -  
Silica    + +    -    + -  
TN + +       -   +  -  
NOx   +  +        +   
NO2   +  +    -    +   
NO3   +  +        +   
NH4   +  +    -     -  
TP     +    -    + -  
SRP   + + +    -    + -  
CYL         -    + -  
MCY   + +      +   +   
SAX    - -   + +    - +  
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CHAPTER 4 
DISCUSSION 

The study period was characterized by shifts in the dominance structure of the 

zooplankton community in Lake George. The shifts began with a rotifer peak in late 

April, followed by a peak in cladoceran biovolume in May, accompanied by a decline in 

rotifer biovolume, then an increase in the relative importance of copepods in late May to 

early June.  

It is useful to view the dynamics of the three major groups, along with functional 

guilds within the three groups, in relation to temporal trends in phytoplankton dynamics 

and changes in key water column characteristics including phytoplankton biomass, 

phytoplankton compostition, cyanobacterial toxins, temperature, turbidity, and dissolved 

oxygen concentrations. 

With respect to phytoplankton biomass, the study period was not dramatically 

different from many previous years of the historical record (SJRWMD, 2010). Two 

peaks in chlorophyll a levels were observed, one in April and a larger peak in May 

reaching 91.8 µg/L. Lake George is a eutrophic lake with annual average chlorophyll a 

concentrations in excess of 40 µg/L. The lake is also subject to frequent algal blooms 

with chlorophyll a levels near or exceeding 100 µg/L during spring, summer, and 

autumn.  

Phytoplankton composition over the study period exhibited trends common to 

eutrophic lakes in Florida, with a dominant of cyanobacteria (Dong, 2010), particularly 

during the second bloom when chlorophyll a concentrations reached 92 µg/L. 

Dominance of cyanobacteria during periods of high chlorophyll a is a prominent feature 

of Florida’s eutrophic lakes (Canfield et al., 1989). Due to high phosphorus loads to 
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Lake George, nitrogen limitation of phytoplankton growth is an important feature of the 

lake that leads to a major role for nitrogen-fixing cyanobacteria (Dong, 2010; Piehler et 

al,. 2009).  

Some of the important cyanobacterial species observed in this study have been 

implicated in the production of toxins in other ecosystems around the world (Chorus & 

Bartram, 1999). Anabaena spp., Aphanizomenon spp., Anabaenopsis spp.  

Cylindrospermopsis sp., Lyngbya sp., and Planktothrix sp. have been identified as 

potential saxitoxin producers ((Clark et al., 1999; Landsberg, 2002)). In this study, 

Anabaena sp., Anabaenopsis sp., and Aphanizomenon sp. were abundant during the 

first bloom period, coincident with the appearance of saxitoxin.  

The second bloom period was associated with increases in the abundance and 

biovolume of Cylindrospermopsis sp., Oscillatoria spp. and Aphanizomenon spp. 

((Dong, 2010)).  Levels of the hepatotoxin cylindrospermopsin increased together with 

chlorophyll levels during the second bloom period.  Cylinderspermopsis has been found 

worldwide and certain strains of C. raciborskii have been observed to produce 

cylindrospermopsin in Australia and Europe, but not in the United States (Li et al., 2001; 

Yilmaz et al., 2008; Briand et al., 2004). The toxin has, however, been detected in 

Florida lakes (Aubel et al., 2006). It is possible that the cylindrospermopsin observed in 

Lake George may be produced by another cyanobacterium observed during the second 

bloom, such as Aphanizomenon spp. (Yilmaz et al., 2008), or a heretofore undescribed 

strain of Cylindrospermopsis. 

Levels of another common hepatotoxin, microcystin, gradually increased over the 

last month of the study period, when the second bloom reached its peak. Some 
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cyanobacteria species, including certain strains of Anabaena flos-aquae, Microcystis 

aeruginosa, and Oscillatoria agardhii var. isothrix, have been reported to produce 

microcystins (Namikoshi & Rinehart, 1996)). Microcystis sp. was observed in Lake 

George in June (Dong, 2010). The World Health Organization has published a 

provisional guideline for microcystins in recreational and drinking water of less than 20 

µg/L and 1.0 µg/L, respectively (WHO, 2006). The microcystin levels observed in this 

study were mostly below 1.0 µg/L.  

From a spatial perspective, no significant differences were observed in mean 

chlorophyll a concentrations between the sampling sites. There were, however, 

noteworthy differences in bloom dynamics at LEO and LAG. During the second bloom 

period, phytoplankton biovolume declined precipitously in late May at LAG, but 

continued to rise at LEO until a sharp decline in early June. This might be related to 

hydrologic patterns in Lake George. The upper St Johns River flows into the lake at the 

southern end. LAG is the site located nearest to the river inlet, whereas LEO is located 

in the north-central region of the lake. The location of these two sampling sites causes 

LAG to be influenced by major freshwater inflows earlier and more profoundly than 

LEO. This results in the accumulation of planktonic organisms at the LEO site, where 

the flow has more retention time and greater water age. The chlorophyll concentration 

pattern supports this as there were no distinct differences between the two sampling 

station observed when river inputs to the lake were small. However, from mid-May 

through June, high rainfall levels caused in substantially elevated river discharge into 

the southern end of the lake. Turbidity during the high precipitation period also 

increased. 
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Meteorological factors, such as precipitation and wind velocity, can influence the 

spatial and temporal distribution of phytoplankton (Phlips et al., 2007). There can be 

dilution as a consequence of an increase in incoming freshwater from the upper river, 

i.e. the more water input, the greater dilution factor. If the rate of dilution is greater than 

accumulation rate, the phytoplanktonic chlorophyll a decreases as observed in late May 

at LAG and early June at LEO. 

Factors other than phytoplankton can affect zooplankton abundance distribution 

and dynamics.  Temperature is one of the factors that can enhance or inhibit growth 

rate of certain types of zooplankton (Gliwicz, 1990). For example, Daphnia sp. and 

Diaphanosoma sp. were less abundant during late spring and summer (Cichra, 2009). 

The surface temperature during the study period gradually increased from 20˚C to 32˚C, 

which might have been due to the seasonal transition over the 3-month period. 

However, this was not consistent with the trend in the historical records from the St. 

Johns River.  

Turbidity is a variable that affects the susceptibility of zooplankton to visual-

feeding predators, such as fish and invertebrate larvae ((Wellington et al., 2010; Vinyard 

& Obrien, 1976)). Elevated turbidity values (~2.5x) were found during the first and the 

second bloom. This could enhance survivorship of zooplankton during bloom periods, 

as their natural predators might not be able to feed efficiently. 

Low dissolved oxygen is a factor that can negatively impact zooplankton (Rivkin 

& Legendre, 2001). Dissolved oxygen can shift significantly during phytoplankton bloom 

events. In healthy blooms, photosynthesis increases daytime oxygen levels, whereas 

nighttime respiration depletes oxygen levels. In senescing blooms, bacterial respiration 
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associated with organic matter decomposition can cause hypoxic conditions. Oxygen 

concentrations during the study period showed depletion in early May and late June, 

after the two major peaks of phytoplankton blooms. The lowest dissolved oxygen level, 

however, was approximately 4 mg/L, which should not be limiting to zooplankton 

survival.  

Fifty-one zooplankton taxa were identified in this study, including three major 

groups; crustaceans, copepods, and rotifers. All of the taxa have been observed in Lake 

George over the past fifteen years (SJRWMD, 2010; Cichra, 2009). It is useful to 

examine the major trends in abundance and composition of each of these three groups, 

within the context of the variables discussed above.   

Cladoceran Dynamics 

 Cladocerans were a major component of the zooplankton community in terms of 

biovolume through most of the last half of the sampling period, i.e. during the second 

cyanobacterial bloom.  By contrast, cladoceran abundances were low during the first 

phytoplankton bloom period.  From a spatial perspective, the two sites sampled in this 

study exhibited no major differences in overall cladoceran composition or abundance 

during the study period. However, differences over more restricted time frames resulted 

in spatial disparities in the correlations between cladoceran abundance and physical-

chemical conditions in the water column. 

Cladoceran biovolume was significantly correlated to fourteen physical-chemical 

variables at LEO, but only two variables at LAG. At LEO, positive correlations were 

observed with temperature, depth, color, silica, TN, nitrite, ammonium, TP, SRP, 

cylindrospermopsin, and microcystins, while conductivity, dissolved oxygen at the 

bottom of the lake, and saxitoxins were negatively correlated to cladoceran biovolume. 
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By contrast to the numerous significant correlations at LEO, only temperature and TN 

were positively correlated with cladoceran biovolume at LAG. The lack of additional 

correlations may be related to the strong influence of river inputs to the southern end of 

Lake George causing greater temporal variability in a wide range of variables. 

The importance of these correlations can be view from three different 

perspectives: 1) factors that directly impact cladoceran abundance such as 

temperature, 2) factors that indirectly impact abundance through their influence on other 

trophic levels, such as phytoplankton (bottom-up control) or fish biomass (top-down 

control), and 3) factors that are auto-correlated with variations in real driving factors, but 

are not considered functionally important. 

The differences between sites extended to the three cladoceran functional 

groups, which responded differently in correlation analyses. Bosminidae (Bosmina spp. 

and Eubosmina spp.) were correlated with more factors at LEO than LAG. Conversely, 

Daphniidae (Daphnia spp. and Ceriodaphnia spp.) showed greater numbers of 

correlations at LAG than LEO. These differences between the sites might be related to 

the differences in physical, chemical, and biological variables between the two 

locations.  TN was the only variable that was higher at LEO than at LAG, while other 

variables, such as color, silica, nitrite, TP and SRP, were slightly higher in LAG than in 

LEO during the second bloom period. It is possible that differences in physical and 

chemical variables between the two sites influenced the dominance of different 

cladoceran functional group. The effect of top-down control by fish and invertebrate 

larvae predation, however, was not determined during this study. It therefore remains a 

potentially important consideration for future investigation. 
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The correlation trends for total cladocerans resembled to those for the functional 

group of Bosminidae at both sites, while Sididae and Daphniidae did not follow the trend 

of total cladocerans. Bosmina spp. and Eubosmina spp. were identified in all samples 

during this study, and they were high in relative biomass compared to other 

cladocerans. This supports the observations of Blancher (1984), Elmore et al. (1984), 

and Crisman & Beaver (1990) that small cladoceran species (body size ≤ 700 µm), such 

as the Bosminidae functional group, are common in Florida. High numbers of 

correlations in this functional group may imply that they are controlled by various 

physical and chemical variables, and that changes in these environmental factors could 

lead to changes in Bosminidae populations. 

Few individuals of Sididae (Diaphanosoma spp.) and Daphniidae (Daphnia spp. 

and Ceriodaphnia spp.) were observed in this study. This was in accordance with many 

studies that have observed seasonal disappearances of large cladocerans in 

subtropical lakes (Gillooly & Dodson 2000; K. A. Work & Havens 2003; K. Work, et al. 

2005; Havens, et al. 2009). Summer water temperature may be a limiting factor in the 

abundance of certain cladoceran species (Gillooly & Dodson 2000), although the results 

of this study and other historical data (SJRWMD 2010) suggest that many indigenous 

cladocerans are adapted to summer temperatures. Although it cannot be confirmed in 

this study, Havens et al. (2009) suggests that increases in the number of opportunistic 

filter-feeding planktivores are, in part, responsible for the low cladoceran abundance in 

subtropical lakes. 

Availability of nutrients is necessary for phytoplankton growth. Most forms of 

nitrogen, phosphorus, and silica were positively correlated with cladoceran biovolume, 
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perhaps reflecting the positive effect of nutrient availability on phytoplankton 

productivity. Chlorophyll a concentrations, however, were not significantly correlated 

with cladoceran biovolume. This suggests that some major phytoplankton taxa are 

inefficiently grazed and drive increases in chlorophyll a level. Some cyanobacteria are 

less efficiently grazed by cladocerans for a number of reasons, such as large size or 

toxin content. In addition, filamentous and colonial cyanobacteria are considered to be 

poor food for zooplankton due to their low nutrition content (Gliwicz, 1990). Alternatively, 

bacteria have been shown to be an efficient food source for cladocerans and played 

important role in the microbial loop by helping the transfer of energy and carbon to 

higher trophic level in the food web (Tranvik, 1992; Havens & East, 1997). It might be 

possible that cladocerans graze on bacteria in this study. 

 It may be hypothesized that saxitoxin-producing cyanobacteria in Lake George 

in April restricted the abundance of cladocerans. It has been documented that 

cyanobacterial toxins and toxic algal strains have negative effects on cladocerans. 

Cladoceran feeding is also disrupted by filamentous cyanobacteria (Epp, 1996). Toxic 

Microcystis aeruginosa (strain PCC7820) and purified microcystins have negative 

effects on survival and feeding of two cladocerans, Moina micrura and Ceriodaphnia 

cornuta (Liu et al., 2006). Feeding and growth of Daphnia magna was found to be 

suppressed with increased proportions of Cylindrospermopsis raciborskii in their diet 

(Soares, et al. 2009). Filtering rate of Daphnia sp. was reduced when C. raciborskii was 

presented. Larger species of Daphnia were found to be more susceptible to the 

presence of C. raciborskii than smaller species (Hawkins & Lampert 1989).  
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In terms of the effect of cyanobacterial hepatotoxins, both cylindrospermopsin 

and microcystins were positively correlated with cladoceran biovolume in Lake George. 

This was also observed in the functional group of Bosminidae, which was also positively 

correlated with saxitoxin, unlike most cladocerans, with which it was negatively 

correlated. The differences between functional groups in terms of correlations with toxin 

levels may be related to differences in food preferences or varying sensitivities to toxins 

among species.  It is also possible that the impacts of toxins at the levels observed in 

this study were not strong enough to significantly influence cladoceran abundance, and 

the correlations to toxins observed were auto-correlated to other more important 

environmental factors. 

In terms of diurnal variability, Diaphanosoma brachyurum was the only 

cladoceran that was found only in daytime samples in both stations. This might be due 

to the behavior of this species, which is more active during the day. D. brachyurum has 

been shown to be less susceptible to fish predation based on its diurnal vertical 

distribution patterns (Thys & Hoffmann, 2005)) by being more abundant at water surface 

during the day. This supports the observation in this study that the species was found 

only in day time samples.   

Copepod Dynamics 

As in the case of cladocerans, biovolume of copepods in LEO was positively 

correlated with temperature, color, silica, dissolved inorganic nitrogen, nitrite, 

ammonium, TP, SRP, cylindrospermopsin, and microcystins. In contrast, conductivity, 

saxitoxin, and dissolved oxygen were negatively correlated to copepod biovolume at 

both sites. Additional positive correlations were found for dissolved oxygen at the lake 

bottom and nitrate at LAG, while turbidity was negatively correlated. Many of these 
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variables are related to phytoplankton biomass, suggesting that copepod abundance is 

correlated with phytoplankton dynamics, particularly during the second bloom period. By 

contrast, copepod abundances were low during the first bloom period. There are a 

number of possible reasons for this pattern. One hypothesis is the preference of 

copepods for high temperature. Copepod abundance has been linked to seasonal shifts 

in temperature (Shireman & Martin, 1978). The abundance of copepods in this study 

increased along with temperature. Low temperature may reduce growth rates of 

copepods while warmer conditions, which increased in the second half of the study, 

generally increase the grazing rate of zooplankton (Williamson et al., 2010). 

Nevertheless, copepod abundance was low during the biomass peak of diatom. 

According to a study of gut analysis, macrozooplankton (copepods and cladocerans) 

prefer diatoms, although they can graze filamentous and colonial cyanobacteria (Work 

& Havens, 2003)). This suggests that temperature may control copepod abundance, 

apart from factors related to food availability. However, this hypothesis is not supported 

by historical observations of copepods in Lake George which indicate major peaks in 

abundance in spring as well as summer ((SJRWMD, 2010)). 

Copepods were positively correlated with nutrient sources including nitrogen and 

phosphorus, which are necessary for optimal growth of copepod food sources. This 

suggests that there might be more food availability for copepods during periods of 

enhanced nutrient availability supported by the major bloom of nitrogen-fixing 

cyanobacteria during the second bloom period.  

Another possible contributor to the low copepod abundances observed in April is 

the presence of the cyanobacteria species Anabaena spp. and Aphanizomenon spp., 
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both of which are potential saxitoxin producers, and may explain the higher significant 

levels of saxitoxin observed in April. Like cladocerans, cyanobacterial toxins have been 

documented to have adverse effects on many groups of copepods. For example, 

feeding experiments revealed the ability of the copepod Diaptomus birgei to reject food 

source that may contain defensive chemicals i.e. toxins, and indicated its susceptibility 

to microcystin (Demott & Moxter, 1991; Demott et al., 1991)). 

Copepods have diverse food preferences, including bacteria, protozoa, and small 

phytoplankton for nauplii and herbivorous copepods, and zooplankton such as rotifers 

for carnivorous taxa (Work, et al. 2005). Therefore, separating copepods into different 

functional guilds is important for evaluating trends. 

Correlation trends with physical and chemical variables among the four copepod 

functional groups were similar at both sampling sites. Nauplii and herbivorous copepods 

were correlated with many physical and chemical variables, while few significant 

correlations were found for carnivorous and omnivorous copepods, which are less 

directly linked to phytoplankton. Although they have wide feeding habits, nauplii and 

herbivorous copepods feed mainly on bacteria and phytoplankton (Tranvik, 1992; 

Havens & East, 1997). Therefore, factors linked to phytoplankton biomass, such as 

nutrient concentrations, should be correlated with their biovolume.   

 In terms of diel pattern of distribution, copepods shared a dominant role in 

zooplankton abundance through the last month and a half of the study period at both 

sites. Whereas cladocerans had two peaks in abundance, copepod biovolume gradually 

increased from late April through mid-June. Despite the increase in both copepod and 

cladoceran biovoluume during May and June, they did not appear to limit the second 
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phytoplankton bloom from reaching substantial biomass levels at both sites. This 

observation is in keeping with the results of other research on eutrophic lakes in Florida, 

which indicate that top-down pressure is not typically strong enough to suppress bloom 

formation (Havens et al., 1996). This finding may be connected to the dominant role 

played by filamentous cyanobacteria in eutrophic Florida lakes, which may be a less 

than optimal source of food for zooplankton (Canfield et al., 1989; Gliwicz, 1990). 

One copepod taxon, male Tropocyclops spp., showed a distinct diurnal pattern. 

This cyclopoid copepod was observed only in daytime samples at LEO. This finding was 

in accordance with a diurnal study in Lake Wales, Florida by Shireman & Martin (1978), 

who found that the number of cyclopoid copepods differed between day and night. 

Many other copepod taxa showed crepuscularity and different diurnal distribution 

patterns. Calanoid spp., Mesocyclops spp., and carnivorous copepods were more 

abundant during nighttime than daytime. This result supports previous observations that 

copepods are more active during the night than the day to avoid visual feeders, such as 

fish (Shireman & Martin, 1978). 

Rotifer Dynamics 

 Rotifers were often the dominant zooplankton group, a pattern seen in many 

other eutrophic lakes in Florida (Havens et al., 2009). Due to their comparatively small 

body size, however, rotifers were relatively less important than copepods and 

cladocerans in terms of biovolume, except during the first month of the project, when 

they reached peak biovolume. The small size of most rotifer taxa places them in unique 

functional groups focused on herbivory, particularly small size classes of phytoplankton. 

It is noteworthy that rotifers peaked during the first bloom event when diatoms and 

cyanobacteria were both major component of the phytoplankton community (Dong, 
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2010). Presence of significant amounts of centric diatoms may have provided rotifers 

with an acceptable food source. After the decline of diatom biomass, replacement by a 

cyanobacterial bloom may have limited the ability of rotifers to recover from their decline 

at the end of April. Alternatively, rotifers may graze on bacterial and protozoan 

community during this period. Nevertheless, these data were not included in this 

research study. 

 Correlations between rotifers and various physical and chemical variables were 

different from those of cladocerans and copepods. Five variables were negatively 

correlated to rotifer biovolume at LEO, including depth, turbidity, pH, chlorophyll, and 

TN. Saxitoxin was the only variable with which rotifer were positively correlated. In the 

case of cladocerans and copepods, many of these variables displayed opposite 

correrlations. At LAG, temperature, depth, chlorophyll, silica, TN, ammonium, TP, SRP, 

and cylindrospermopsin were negatively correlated with rotifer biovolume whereas 

conductivity and saxitoxin were the variables yielding positive correlations. 

 Negative correlations between rotifer biovolume and many variables associated 

with phytoplankton abundance are related to the timing of the peak in rotifer abundance 

in between the two bloom peaks. It might be argued that rotifers played a role in grazing 

down major elements of the first blooms, especially diatoms. Alternatively, the large 

amount of cyanobacteria in the first bloom, and dominance of cyanobacteria in the 

second bloom, may have precluded a major buildup of rotifer biomass in the latter 

period. High concentrations of saxitoxin in the first bloom and the hepatotoxin 

cylindrospermopsin in the second bloom may have played a role in this relationship. 

The significant biomass of the cyanobacteria Anabaena spp. and Aphanizomenon spp., 
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both potential neurotoxin saxitoxin producers, in the first bloom period, did not suppress 

the buildup of rotifer biomass late in the bloom, perhaps due to the presence of 

significant quantities of alternative food items, such as diatoms. By contrast, the second 

bloom period was dominated by cyanobacteria, and was also marked by the presence 

of significant amounts of the hepatotoxin cylinderspermopsin and microcystin, perhaps 

restricting the buildup of rotifer biomass. These relationships are further supported by 

the correlation analyses involving different functional groups. 

 Microrotifers and mesorotifers were positively correlated with saxitoxin levels, but 

the toxin was not correlated with larger rotifers. Gilbert (1996) experimentally 

demonstrated susceptibilities of two large rotifers, Brachionus calycifloris and 

Asplanchna girodi, to toxins produced by Anabaena flos-aquae. Bigger rotifers are 

usually more tolerant of chemical stresses such as cyanobacterial toxins, possibly due 

to their feeding preferences, which can include non-algal foods.  

Different physical and chemical variables were correlated with rotifer functional 

groups at the two sampling sites. Megarotifers were correlated with a number of 

variables at LEO, whereas mesorotifers were correlated with more variables at LAG. 

Raptorial rotifers were not correlated with any physical or chemical variables. These 

findings might be due to the effect of size-selective feeding in zooplankton. 

Microzooplankton and mesozooplankton usually graze on smaller phytoplankton, while 

megarotifers can handle bigger phytoplankton or even other small zooplankton. The 

high proportion of larger filamentous cyanobacteria at LEO than in LAG may contribute 

to spatial differences in the distribution of rotifer functional groups.  
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 In a diurnal perspective, Monostyla spp. were found only in daytime samples. 

Brachionus caudatus were observed only in daytime samples at LEO while Brachionus 

quadridentatus and Brachionus spp. were found only in daytime samples at LAG. These 

rotifer species have not been previously documented to be diurnal migrators. Findings 

in this study might be coincidental because few individuals of these species were found 

in the samples. 

Asplanchna spp. and raptorial rotifers were more abundant in the water column 

during nighttime than daytime (Table 4-1). Similarly, Asplanchna sp. showed up at the 

water surface at night and decreased during daytime in a study of Lake Balsamand in 

India (Jakher, 1984).  In addition A. priodonta was found to remain in the deeper layers 

of the water column (5-35 m) during mid-day in a Patagonian lake (Obertegger et al., 

2008)). The finding in this study supports the crepuscular behavior of Asplanchna sp. 

This might be related to the avoidance of visual fish predators.   

For a spatial perspective, Harringia spp. and Asplanchna spp. were more 

abundant at LAG than at LEO, while Filinia spp. was more abundant at LEO than at 

LAG (Table 4-1). Like Asplanchna, this could be related to avoidance of visual feeders 

on rotifers. Harringia sp. is relatively big compared to Asplanchna and other rotifers. 

There was a difference between LAG and LEO with respect to water color (CDOM), with 

the former site having higher color values during the second phytoplankton bloom 

period. This distinction may affect the response of zooplankton to visual fish predators.  
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Table 4-1. Significant differences in zooplankton abundance indices (AAB: Absolute 
abundance, RAB: Relative abundance, ABV: Absolute biovolume, RBV: 
Relative biovolume, MBV: Mean biovolume) between the two sampling 
stations and the two sampling times among 51 zooplankton genera and 11 
functional groups.  

 Indices F-value Pr > F Post hoc analysis 
Genera levels     

Calanoid spp. MBV 3.65 0.0311 Night > Day 
Mesocyclops spp. 
(Female) 

ABV 2.87 0.0556 Night > Day 
RBV 4.84 0.0083 Night > Day 
MBV 8.65 0.0004 Night > Day 

Asplanchna spp. AAB 5.27 0.0325 LAG > LEO, Night > Day 
Filinia spp. RBV 3.64 0.0256 LEO > LAG 
Harringia spp. AAB 35.52 0.0270 LAG > LEO 

ABV 2596.83 0.0125 LAG > LEO 
MBV 224.10 0.0425 LAG > LEO 
RBV 6256.33 0.0080 LAG > LEO 

Functional group levels     
Carnivorous 
copepods 

ABV 4.54 000105 Night > Day 
RBV 6.75 0.0015 Night > Day 

Raptorial rotifers AAB 3.45 0.0340 Night > Day 
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CHAPTER 5 
CONCLUSION 

This intensive study included the study of phytoplankton biomass, cyanobacterial 

toxins, and water chemistry variables that could be potential factors controlling 

zooplankton dynamics during cyanobacterial bloom events in Lake George. Changes in 

total zooplankton abundance and biomass during this study period were hypothesized 

to be correlated to the character of phytoplankton blooms and associated water physical 

and chemical variables. Major findings and conclusions include: 

1. Two peaks of phytoplankton chlorophyll a level with different community 
composition were identified during the study period. The first bloom was observed 
in April with an equal mix of nitrogen-fixing cyanobacteria and diatoms, whereas 
the second bloom in early June was dominated by cyanobacteria. 

2. Three cyanobacterial toxins (cylindrospermopsin, microcystins and saxitoxin) were 
identified. Levels of the three toxins peaked at different times. Saxitoxin 
concentrations had a peak in mid-April while cylindrospermopsin and microcystin 
concentrations peaked in early June. 

3. Fifty-one zooplankton taxa were observed and subdivided into three major groups: 
rotifers, cladocerans, and copepods. Rotifers were the major zooplankton during 
the first phytoplankton bloom period, and were succeeded with cladocerans during 
the period between blooms, before copepods became more abundant during the 
second bloom. 

4. Zooplankton were categorized into difference in functional groups based on 
zooplankton major feeding habit and body size to elucidate the difference in 
relationships with physical and chemical variables. A numbers of significant 
relationships were revealed which provided insights into the potential driving 
factors for the succession pattern of zooplankton.  

5. The primary correlated factors included chlorophyll a levels, nitrogen 
concentration, cyanobacterial toxin levels, and temperature, suggesting that both 
phytoplankton biomass and composition play important roles in zooplankton 
dynamics. The correlation varied between functional groups indicating that 
differences in feeding preferences and sensitivities to toxins may play important 
roles in succession. 
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APPENDIX 
ZOOPLANKTON FUNCTIONAL GROUPS 

 

1. Bosminidae 
a. Bosmina sp. 
b. Eubosmina sp. 

2. Sididae 
a. Diaphanosoma birgei 
b. Diaphanosoma brachyurum 

3. Daphniidae 
a. Ceriodaphnia 
b. Daphnia spp. 

4. Copepod Nauplii 
a. Copepod Nauplii 

5. Herbivorous Copepods 
a. Juvenile Calanoid 
b. Adult Calanoid Copepod 
c. Tropocyclops sp. 

6. Carnivorous Copepods 
a. Mesocyclops edax (female) 
b. Mesocyclops edax (male) 

7. Omnivorous Copepods 
a. Juvenile Cyclopoid 

8. Microrotifers 
a. Aneuropsis sp. 
b. Cephalodella sp. 
c. Collotheca spp. 
d. Felinia spp. 
e. Lecane sp. 
f. Lepadella sp. 
g. Monostyla spp. 
h. Notommata sp. 
i. Trichocerca sp.1 (non-descript) 
j. Trichocerca similis 
k. Trichocerca sp. 

Classification to Functional Groups in Rotifers  
 

Classification Smallest 
dimension Approximate figure Grazed 

Vulnerability 

Microrotifers < 40 µm Spindle-shaped High 

Mesorotifers 40-70 µm Round and chuncky Medium 

Megarotifers > 70 µm Big round with spines Low 

 
 

8. Mesorotifers 
a. Conochiloides sp. 
b. Conochilus unicornis 
c. Harringia sp. 
d. Hexarthra sp. 
e. Keratella chochlearis (longtail) 
f. Keratella chochlearis (shorttail) 
g. Polyarthra sp. 
h. Synchaeta sp.3 
i. Top Rotifer 

9. Megarotifers 
a. Brachionus havanensis 
b. Brachionus angularis 
c. Brachionus sp. 
d. Brachionus caudatus 
e. Keratella tecta 
f. Keratella knobtail 
g. Keratella tropica 
h. Keratella vulga 
i. Notholca 
j. Trichocerca multicranis 

10. Raptorial Rotifers 
a. Asplanchna sp. 
b. Asplanchna-like (Unknown sp.4) 
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