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Abstract

Bigham, D.L., M.V. Hoyer and D.E. Canfield Jr. 2009. Survey of toxic algal (microcystin) distribution in Florida
lakes. Lake Reserv. Manage. 25:264–275.

A survey of microcystin in 187 Florida lakes was completed from Jan to Dec 2006. Annual average microcystin
concentrations of the 187 Florida lakes ranged from nondetectable (<0.1 µg/L) to 12 µg/L, with concentrations in
individual water samples (N = 862) ranging from nondetectable to 32 µg/L. Only 7% of all the individual samples
exceeded the World Health Organization (WHO) drinking guidance value of 1 µg/L. Three individual water samples
collected from two lakes (0.3%) exceeded the WHO recreational guidance value of 20 µg/L. Using chlorophyll
concentrations and Secchi depth measurements, tables were constructed to predict the probability that microcystin
concentrations exceeded the WHO guidance values in Florida lakes. Additionally, six hypereutrophic lakes (Harris
Chain of Lakes, Lake County, FL) were studied from Sep 2006 to Aug 2007 and 40% of the samples exceeded
1 µg/L but none exceeded 20 µg/L. This study also provides baseline information and relations between trophic
status, seasonality, water chemistry and microcystin concentrations in Florida lakes.
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Introduction
Cyanobacteria blooms are of particular concern because
some strains of cyanobacteria produce toxins, the most com-
mon of which is microcystin (Botes et al. 1984, Sivonen and
Jones 1999). Although microcystin is most commonly as-
sociated with the cyanobacteria species Microcystis aerugi-
nosa, other cyanobacteria genera, such as Anabaena, Plank-
tothrix and Nostoc also produce the toxin (Dawson 1998).
Reported cases of livestock, wildlife, pet, and even human
deaths have been attributed to consumption of freshwa-
ters with elevated microcystin concentrations (Steyn 1943,
Ashworth and Mason 1946, Carmichael 1986, 1994,
Jochimsen et al. 1998). These and other reports have gar-
nered public attention, and there are now increasing efforts
to measure microcystin concentrations in lakes. With the
exception of microcystin being suggested as a possible tu-
mor promoter (Chorus and Bartram 1999), the effects of
long-term exposure to microcystins on humans are not well
known (Jacoby and Kann 2007).

Algal toxins other than microcystin have potential associated
risks, synergistic effects and possible presence in aquatic

∗Corresponding author: dlbigham@ufl.edu

systems (including Florida lakes). However, more data ex-
ist for microcystins and have allowed the development of
provisional tolerable daily intake (TDI) and guidance val-
ues for microcystin. The World Health Organization (WHO)
suggests a drinking water guidance value of 1 µg L−1 and
a recreational guidance value of 20 µg L−1 for activities in
direct contact with water, and 100 µg L−1 for activities hav-
ing indirect contact with water (Chorus and Bartram 1999).
These guidance values represent a moderate probability of
adverse health effects for humans. Associated with each
guidance value is an uncertainty factor of 1000. The uncer-
tainty factor accounts for the differences between inter- and
intraspeices sensitivities to a chemical substance and other
factors such as inadequacies in the database or severity of
effects of the toxin.

Managers understand that eutrophic and hypereutrophic wa-
ters are more likely to contain cyanobacteria (Wetzel 1966,
Lund 1969, Canfield et al. 1989) and, by extension, the prob-
ability of higher microcystin concentrations (Kotak et al.
1995, Wu et al. 2006, Kotak and Zurawall 2007). Although
cyanobacteria dominance has been identified in Florida lakes
of all trophic states (Canfield et al. 1989), cyanobacteria
have been shown to dominate more than 90% of phytoplank-
ton biomass in highly productive lakes (Duarte et al. 1992)
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Toxic algal distribution in lakes

and represent the dominant community of phytoplankton in
many Florida lakes (Agusti et al. 1990). Florida offers op-
timal growing conditions (e.g., abundant light, nutrient rich
waters, high temperatures, and a longer growing season) for
cyanobacteria proliferation. Hence, Florida represents an
ideal location for evaluating the distribution of microcystin
on a regional basis.

This study is one of the first statewide evaluations of mi-
crocystin concentrations in a large number of subtropical
lakes. The overall objective of this study was to evaluate
variance in microcystin concentrations among many lakes
versus examining the variance within individual lakes. This
study provides an integral contribution to the understanding
of the relationship between microcystin toxin concentra-
tions, trophic state and seasonality in the subtropics. An-
other purpose was to assess the probability that microcystin
concentrations in Florida lakes exceeded the WHO guidance
values for drinking water and recreation. Our approach was
to first conduct a statewide survey of 187 Florida lakes based
on individual water samples collected six times during the
year at open-water sites. We more intensively studied six

hypereutrophic lakes (Harris Chain of Lakes, Lake County,
FL) where microcystin concentrations exceeding the WHO
drinking water guidance value were previously documented
(Williams et al. 2007). Finally, trophic state, seasonality
and water chemistry variables (i.e., total phosphorus, total
nitrogen, and chlorophyll concentrations) were examined to
better understand factors related to microcystin in Florida
lakes. Tables relating chlorophyll concentration and Secchi
depth to microcystin concentration were constructed for use
in predicting the probability that microcystin concentrations
in a Florida lake would be detectable and/or exceed the
drinking water–recreational guidance values.

Methods
Study lakes and sampling

The 187 Florida lakes selected for study encompassed a
statewide distribution (38 counties; Fig. 1) and a wide range
of trophic states (Table 1). Each lake was sampled six
times a year (Jan–Dec 2006) by Florida LAKEWATCH, a

Figure 1.-The 187 Florida lakes sampled for microcystin Jan to Dec 2006 and the Harris Chain of Lakes (Beauclaire, Dora [East and
West], Eustis, Harris and Griffin) located in Lake County, FL, sampled for microcystin Sep 2006 to Aug 2007.
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Bigham et al.

Table 1.-Summary statistics for nutrients (µg/L), chlorophyll
(µg/L), Secchi depth (m) and microcystin concentrations (µg/L) for
the annual average of 187 Florida lakes and 862 individual water
samples collected Jan to Dec 2006.

n Mean Min Max

187 lakes annual average
Total phosphorus 187 42 2.7 283
Total nitrogen 187 1052 74 3450
Chlorophyll 187 25 0.42 172
Secchi depth 179 1.7 0.3 7.8
Microcystin concentration 187 0.4 ND∗ 12

862 individual samples
Total phosphorus 860 44 2 427
Total nitrogen 860 1043 33 5717
Chlorophyll 856 25 0.3 280
Secchi depth 788 1.6 0.2 9.8
Microcystin concentration 862 0.4 ND∗ 32

∗ND represents nondetectable (<0.1 µg/L) microcystin concentration.

citizen volunteer monitoring program started in 1986 with
the goal of collecting credible total phosphorus, total nitro-
gen, chlorophyll and Secchi depth data from a large number
of Florida lakes (Canfield et al. 2002). The Florida LAKE-
WATCH program was utilized to collect water samples used
for evaluation of microcystin concentrations among the 187
Florida lakes.

Florida LAKEWATCH collected water samples for nutri-
ent, chlorophyll and microcystin analyses during six time
periods: (1) Jan to Feb; (2) Mar to Apr; (3) May to June;
(4) July to Aug; (5) Sep to Oct; and (6) Nov to Dec. Wa-
ter samples were collected at three previously established
open-water sites by the Florida LAKEWATCH program.
Some of these sites were located in near-shore areas. Water
samples were collected at a depth of 0.3 m in a 1-L brown
acid-washed, triple-rinsed Nalgene bottle; Secchi depth was
recorded at each site. LAKEWATCH volunteers were no-
tified of this study and asked to watch for algal blooms
events (open-water, near-shore, around docks, beach areas)
and take additional water samples if such blooms occurred.
No additional water samples were received for the 187 lakes
during this study.

Following LAKEWATCH protocol, water samples were
stored frozen until analyses were conducted. Nutrient and
chlorophyll analyses were completed for the three stations.
From the three stations, means were calculated for nutri-
ent and chlorophyll concentrations for each lake and sam-
pled time period. A composite 60-ml water sample (20-ml
from each station were combined into a 60-ml acid-cleaned,
triple-rinsed Nalgene bottle) was used for microcystin anal-
yses and assayed within 6 mo of freezing. Some individual
water samples (N = 260) were missed during each time
period due to sampling difficulties.

We sampled the Harris Chain of Lakes monthly from Sep
2006 to Aug 2007 (Fig. 1). The Harris Chain of Lakes lies in
the southern part of the central lake-district region (Griffith
et al. 1997). Lakes in this region generally have elevated
total phosphorus (≥20 µg/L), total nitrogen (>900 µg/L)
and chlorophyll (>6 µg/L) concentrations. Specific con-
ductance is typically >99 µS/cm at 25 C, pH is >7.2 and
Secchi depth measurements are ≤1 m (Canfield and Hoyer
1988). The Harris Chain of Lakes are large (407–6679 ha),
shallow depth (1.4–4.3 m), and generally hypereutrophic
(chlorophyll concentrations >40 µg/L).

Three open-water sites (including coves and bays) were ran-
domly selected and consistently sampled for each lake in
the Harris Chain of Lakes. At each site, Secchi depth was
recorded and water for nutrient and chlorophyll analyses
was collected at 0.3 m in a 1-L brown, acid-washed, triple-
rinsed Nalgene bottle. At each site, water samples for micro-
cystin analysis were collected at 0.3 m in an 60-ml opaque,
acid-washed, triple-rinsed Nalgene bottle. All samples were
placed into a cooler with ice for transportation to the labo-
ratory where they were refrigerated and analyzed within 24
h. From the three sampled stations, means were calculated
for nutrient, chlorophyll, and microcystin concentration for
each lake and month sampled. We chose the three open-
water sites and 0.3 m sampling depth to remain consistent
with the Florida LAKEWATCH sampling protocol and to al-
low better comparisons between the Harris Chain of Lakes
and the 187 Florida lake data.

Water chemistry analyses

Water chemistry analyses included measurements of total
phosphorus, total nitrogen and total chlorophyll concentra-
tions. Total phosphorus concentrations (µg/L) were deter-
mined using procedures of Murphy and Riley (1962) follow-
ing persulfate digestion (Menzel and Corwin 1965). Total
nitrogen concentrations (µg/L) were determined by oxidiz-
ing water samples with persulfate and measuring nitrate-
nitrogen with second derivative spectroscopy (D’Elia et al.
1997, Simal et al. 1985, Wollin 1987). Chlorophyll con-
centrations (µg/L) were determined spectrophotometrically
following pigment extraction with hot 90% ethanol (Method
10200 H, APHA 1992; Sartory and Grobbelarr 1984). Mea-
surements represent total chlorophyll because there was no
correction for pheophytins.

Determination of microcystin concentration

All water samples were allowed to reach room temperature.
Aliquots of 5 ml were pipetted into 10-ml glass vials and
boiled at 100 C for 1 min to extract microcystin from the
cyanobacterial cells (Metcalf and Codd 2005). The boiled
samples were cooled to room temperature and centrifuged
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Toxic algal distribution in lakes

for 30 min at 2000 rpm to remove particulate material. The
nonparticulate solution was extracted (50 µl) for each sam-
ple and pipetted into a well of the 96-well ELISA (enzyme-
linked immunosorbent) plate. All ELISA standards and lake
water samples were run in duplicate.

The ELISA kit (Abraxis LLC, product # 520011, Warmin-
ster, PA, USA) provided the antibody-coated, 96-well plate,
microcystin standards and all reagents used to determine
total microcystin concentration. The absorbance of the sam-
ples was read at 450 nm and at a reference of 650 nm with
a Stat Fax 3200 Microplate Reader (Awareness Technology
Inc., Palm City, FL, USA). Microcystin concentrations were
calculated from the absorbance values using the slope and
intercept of the linear regression equation generated from
a semi-logarithm plot. The semi-logarithm plot was gener-
ated using the logarithm of the machine-read absorbance
of the Abraxis, LLC standards versus the calculated B/Bo
% (the mean absorbance value of each standard divided by
the mean absorbance of the zero standard). Total micro-
cystin concentrations were reported in µg/L. The sensitivity
for microcystin detection is 0.1 µg/L. Samples with mi-
crocystin concentrations >5 µg/L (highest standard) were
diluted with deionized water to remain within the range of
the standard curve.

ELISA assays (protein phosphatase inhibition assays) can
produce highly variable results, that can be high both within
and among ELISA assays for microcystin. Variation, such as
large well-to-well variation, may be attributed to inaccurate
pipetting, inconsistent substrates and mixing, fluctuations
in temperature, or incomplete reactions. The manufacture
(Abraxis LLC) indicates a <15% expected coefficient of
variation for the ELISA kit. Additionally, the ELISA method
may also produce false positive or false negative microcystin
results. To account for some of these limitations, means for
microcystin concentration were calculated from the dupli-
cate samples run for all ELISA standards and lake water
samples. The microcystin concentrations reported are not
necessarily the amount of toxin, but the measure of the re-
sponse to what a pure microcystin strain would yield.

To determine if freezing affected microcystin concentra-
tion, six 60-ml acid-washed, triple-rinsed, polypropylene
Nalgene bottles were filled with 25 ml of a cultured Mi-
crocystis aeruginosa (PCC 7806) strain grown in BG-11
medium according to the method of Stanier et al. (1971)
and diluted by half with deionized water before aliquots
were taken. A sample of the cultured strain was assayed im-
mediately to determine the “initial” microcystin concentra-
tion, and the remaining subsamples were frozen. Once every
30 days for a 150-day period, a subsample was thawed and
the contents analyzed for microcystin. This procedure was
also completed with lake water from the Harris Chain of
Lakes.

Seasonal trends in microcystin concentrations

Seasonal trends were evaluated by calculating the mean per-
cent difference in microcystin concentrations for each time
period sampled: (1) Jan to Feb; (2) Mar to Apr; (3) May to
June; (4) July to Aug; (5) Sep to Oct; and (6) Nov to Dec.
The 187 Florida lakes were grouped into trophic states by
the annual average chlorophyll concentration for each lake,
following the trophic classification system of Forsburg and
Ryding (1980). The mean percent difference was calculated
by subtracting the annual mean microcystin concentration
of all individual water samples in each trophic state cate-
gory (designated the annual mean microcystin concentra-
tion) from the microcystin concentration of the individual
water sample. This value was then divided by the annual
mean microcystin concentration and multiplied by 100. For
the Harris Chain of Lakes, the same time periods were used
as for the 187 Florida lakes. The annual average chlorophyll
concentration of each of the Harris Chain of Lakes and in-
dividual water samples were categorized as hypereutrophic;
therefore, the calculation of the mean percent difference in-
cluded all water samples collected in the Harris Chain of
Lakes. The standard error of the mean for the mean per-
cent differences was calculated for each time period among
trophic states and the Harris Chain of Lakes.

Chlorophyll, Secchi depth, and microcystin
tables

Probability tables relating chlorophyll concentration and
Secchi depth to microcystin concentration in Florida lakes
were constructed. The chlorophyll concentrations (N = 856)
and Secchi depths (N = 766) that corresponded to the 862
individual water samples assayed for microcystin concen-
trations were used to construct the chlorophyll, Secchi depth
and microcystin concentration categories. Chlorophyll cat-
egories were constructed to include at least 50 individual
samples, generally at an interval of 1 µg/L. At higher chloro-
phyll concentrations there were fewer samples; therefore,
the intervals of these chlorophyll categories increased be-
cause each group encompassed at least 50 individual sam-
ples. Bachmann et al. (2003) followed similar methods of
unequal-sized chlorophyll groups because many of their data
were also clustered at lower chlorophyll concentrations, and
if unequal-sized groups had not been used the upper data
points would have been poorly defined. Secchi depths were
also separated into categories to include at least 50 individ-
ual samples per category. Microcystin concentrations were
grouped into <1 µg/L, 1≤ × <20 µg/L, and ≥20 µg/L
categories.

Statistical analyses

Summary statistics, linear regression analysis, Shapiro-Wilk
test for normality, standard errors, correlations, ANOVA and
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Bigham et al.

Tukey-Kramer Honest Significant Difference (HSD) were
performed using the JMP 5.0.1. statistical package (SAS
Institute 1989). ArcMap Version 9.2 was used to create the
Florida and Harris Chain of Lakes map. CricketGraph Mac
OS 1.5 was used to create time period and percent dif-
ference microcystin concentration plots. Total phosphorus,
total nitrogen and chlorophyll concentration data were not
normally distributed; therefore, the data were transformed
using logarithms to meet the requirements of parametric
statistics (Snedecor and Cochran 1980). Many of the mi-
crocystin concentrations from the 187 Florida lakes and the
Harris Chain of Lakes were below levels of detection (<0.1
µg/L); therefore, the detection limit value of 0.1 was added
to all microcystin concentrations before logarithmic trans-
formations were performed. These transformed microcystin
data were used in ANOVA, Tukey-Kramer HSD and corre-
lation analyses. A repeated measures of analysis of variance
was used for the cultured Microcystis strain data because
the microcystin concentrations in these samples were not
independent from one another. Statements of statistical sig-
nificance imply P ≤ 0.05.

Results
A repeated measures of analysis of variance indicated that
freezing the water samples prior to analysis did not influ-
enced the microcystin concentrations over a 150-day freez-
ing period (P = 0.62). Measured microcystin concentrations
showed no significant change in concentration for a cultured
Microcystis aeruginosa strain (PCC 7806) or for five lake
water samples from Beauclaire, Dora, Eustis, Griffin and
Harris.

From the 187 Florida lakes, 862 individual water samples
were analyzed with averages and ranges similar to Canfield
and Hoyer (1988), suggesting these data are representative
of a wide range of Florida lakes (Table 1). The annual aver-
age microcystin concentrations for the 187 lakes averaged
0.4 µg/L and ranged from <0.1 to 12 µg/L. From the an-
nual average of the 187 Florida lakes, 29% had detectable
microcystin (≥0.1 µg/L) and 7% exceeded the WHO drink-
ing water guidance value of 1 µg/L. None of the 187 lakes
had annual average microcystin concentrations exceeding
the WHO recreational guidance value of 20 µg/L.

Individual water samples (N = 862) collected from the 187
lakes had microcystin concentrations that averaged 0.4 µg/L
and ranged from <0.1 to 32 µg/L. Of these individual water
samples, 28% contained detectable microcystin (≥0.1 µg/L)
and 7% exceeded the WHO drinking water guidance value
of 1 µg/L. These results are similar to the annual average
microcystin concentrations of the 187 Florida lakes. How-
ever, three individual water samples, two samples collected
from Lake Jessup (Seminole County) and one collected from

Lake Hunter (Polk County), contained microcystin concen-
trations exceeding the WHO recreational guidance value of
20 µg/L. The highest microcystin concentration measured
was 32 µg/L in December 2006 from Lake Jessup.

An analysis of variance of the log-transformed micro-
cystin concentrations from the 862 individual water samples
demonstrated microcystin concentrations were significantly
different among time periods (F = 15.5, P < 0.001). A
Tukey-Kramer HSD showed the mean microcystin concen-
tration for time period 3 (May–Jun) was significantly lower
than periods 1 (Jan–Feb), 5 (Sep–Oct) and 6 (Nov–Dec),
while periods 2 (Mar–Apr) and 4 (Jul–Aug) were not sig-
nificantly different from other time periods.

To further evaluate seasonality, the 862 individual water
samples collected from the 187 Florida lakes were classi-
fied into trophic states based on chlorophyll concentrations.
Examining the mean percent differences for each trophic cat-
egory showed seasonal trends were present among Florida
lakes (Fig. 2). For the oligotrophic lakes, the percent dif-
ference of microcystin concentration of each time period
ranged from 95% below to 611% above the annual aver-
age of microcystin concentrations for all of the oligotrophic
classified individual water samples. The percent difference
for microcystin concentration for mesotrophic lakes ranged
from 97% below to 731% above the annual average micro-
cystin concentration; eutrophic lakes ranged from 99% be-
low to 5980% above; and hypereutrophic lakes ranged from
98% below to 2395% above. Oligotrophic and mesotrophic
lakes had mean microcystin concentrations above the annual
average microcystin concentration from Jan to June. From
June to Dec, oligotrophic lakes remained below the annual
average microcystin concentration. Mesotrophic lakes were
above the annual average microcystin concentration from
July to Aug and then fell below from Sep to Dec. Eutrophic
lakes were below the annual average microcystin concen-
tration from Jan to Aug; the mean microcystin concentra-
tion slightly increased in Sep to Oct and then drastically
increased above the annual average during Nov to Dec.
Hypereutrophic lakes remained below the annual average
microcystin concentration from Jan to Aug and above the
annual average from Sep to Dec.

From annual averages (187 lakes) and 862 individual water
samples, the percentage of lakes with detectable microcystin
increased with trophic state (Table 2). Annual averages in
36% of the eutrophic and 86% of the hypereutrophic lakes
had detectable microcystin. Individual water samples in 33%
of the eutrophic samples and 76% of the hypereutrophic
samples had detectable microcystin.

The chlorophyll concentrations that corresponded to the 862
individual water samples measured for microcystin con-
centrations were converted to total algal biomass (mg/L)
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Toxic algal distribution in lakes

Figure 2.-The mean percent difference of microcystin concentrations from annual means averaged across time periods for individual
water samples categorized into trophic states and the individual water samples (hypereutrophic) from the Harris Chain of Lakes. The
number of individual water samples for each time period is listed. Error bars represent the standard error of the mean for the mean percent
differences of each time period.
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Bigham et al.

Table 2.-Percent by trophic state category (based on chlorophyll
concentrations), in which microcystins were detected (≥0.1 µg/L)
for the 187 Florida lakes (annual average) and 862 individual water
samples collected Jan to Dec 2006.

n lakes % n %
Trophic annual detectable individual detectable
State average microcystin samples microcystin

Oligotrophic 24 12% 102 18%
Mesotrophic 48 14% 221 17%
Eutrophic 80 36% 378 33%
Hypereutrophic 35 86% 161 76%

∗Trophic states categorized by chlorophyll concentrations as indicated by Forsburg
and Ryding (1980).

using a Florida-specific equation developed by Canfield et
al. (1985). These data from the individual water samples
suggest that as total algal biomass increased, microcystin
concentrations increased (Fig. 3). In Florida lakes, Duarte
et al. (1992) showed that as total algal biomass increased
the percent algal biomass contribution of cyanobacteria to
the phytoplankton community increased. At a total algal
biomass of 100 mg/L, where Duarte et al. (1992) suggest
cyanobacteria dominate about 90% of the Florida phyto-
plankton community, microcystin concentrations reached
and surpassed concentrations of 1 µg/L (Fig. 3).

The constructed chlorophyll and microcystin concentration
table suggests that as chlorophyll concentrations increase,
the probability of encountering elevated microcystin con-
centrations increases (Table 3). The Secchi depth and mi-

Table 3.-Probability (%) that microcystin concentrations (µg/L)
will exceed the listed WHO microcystin guidance values as
suggested by the chlorophyll concentration (µg/L) categories,
which were constructed to include at least 50 of the individual
water samples (N = 856) collected from the 187 Florida lakes.

Microcystin concentration (µg/L)
of 856 individual water samples

Chlorophyll
(µg/L) n <1 1≤ × < 20 ≥ 20

0–1.9 59 100% 0% 0%
2–2.9 75 100% 0% 0%
3–3.9 70 100% 0% 0%
4–4.9 61 100% 0% 0%
5–5.9 53 100% 0% 0%
6–7.9 86 99% 1% 0%
8–10.9 77 100% 0% 0%

11–13.9 54 94% 6% 0%
14–21.9 64 95% 5% 0%
22–31.9 56 91% 9% 0%
32–42.9 56 89% 11% 0%
43–69.9 63 83% 17% 0%
70–128 53 70% 30% 0%

130–280 29 45% 48% 7%

crocystin concentration table also suggests that as Secchi
depth decreases, the probability of encountering elevated
microcystin concentrations increases (Table 4).

Figure 3.-Individual samples (◦) measured for microcystin concentration (N = 862) from 187 Florida lakes sampled Jan to Dec 2006. Total
algal biomass values were calculated from chlorophyll concentrations using an equation specific to Florida (Canfield et al. 1985). The
closed circles (•) represent the relationship between total algal biomass and percent algal contribution for cyanobacteria in Florida lakes
as suggested by Duarte et al. (1992).
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Toxic algal distribution in lakes

Table 4.-Probability (%) that microcystin concentrations (µg/L)
will exceed the listed WHO microcystin guidance values as
suggested by the Secchi depth (m) categories, which were
constructed to include at least 50 of the individual water samples
(N = 788) collected from the 187 Florida lakes.

Microcystin concentration (µg/L)
of 788 individual water samples

Secchi
depth (m) n <1 1≤ × < 20 ≥ 20

0.0–0.39 73 68% 29% 3%
0.40–0.53 55 76% 24% 0%
0.54–0.61 60 92% 8% 0%
0.62–0.76 59 90% 10% 0%
0.77–0.91 76 96% 4% 0%
0.92–1.13 55 93% 7% 0%
1.14–1.28 57 95% 5% 0%
1.29–1.52 53 98% 2% 0%
1.53–1.89 61 95% 5% 0%
1.90–2.39 55 100% 0% 0%
2.40–2.91 66 100% 0% 0%
2.92–3.81 60 100% 0% 0%
3.82–4.00 58 100% 0% 0%

In the six Harris Chain of Lakes, microcystin concentra-
tions from 216 individual water samples collected at 0.3
m averaged 1.0 µg/L and ranged from <0.1 to 3.6 µg/L
(Table 5). Of the samples, 57% contained detectable micro-
cystin (≥0.1 µg/L) and 40% were above 1 µg/L. No individ-
ual water samples had microcystin concentrations exceeding
20 µg/L.

Using the average of the microcystin concentrations from the
three stations in each lake, the highest consistently followed
the flow of water in the Harris Chain of Lakes (Lake Beau-
claire, Lake Dora East, and Lake Dora West; Fig. 4). Mea-
sured concentrations of total phosphorus, total nitrogen and
chlorophyll followed the same pattern as microcystin among
sampled months. Examining the individual water samples
collected in the Harris Chain of Lakes, the correlations of
log-transformed nutrient and chlorophyll relationships with

Table 5.-Summary statistics for nutrient (µg/L), chlorophyll
(µg/L), Secchi depth (m) and microcystin concentrations (µg/L)
of 216 individual samples collected from Sep 2006 to Aug 2007
from six Harris Chain of Lakes located in Lake County, FL.

n Mean Min Max

Total phosphorus 213 57 29 130
Total nitrogen 213 3133 1530 5040
Chlorophyll 212 127 53 296
Secchi depth 216 0.3 0.2 0.7
Microcystin concentration 216 1.0 ND∗ 3.6

∗ND represents nondetectable (<0.1 µg/L) microcystin concentration.

log-transformed microcystin concentration were significant
but showed a weak relationship for total phosphorus (r =
0.16, P < 0.0001) and chlorophyll (r = 0.35, P < 0.0001).
The relationship between total nitrogen and microcystin was
stronger (r = 0.44, P < 0.0001).

An analysis of variance of the 216 individual water samples
collected from the six Harris Chain of Lakes, demonstrated
that microcystin concentrations were significantly related to
time period (F = 10.4, P < 0.0001). Time periods 1 (Jan–
Feb) and 6 (Nov–Dec) were statistically lower than all other
time periods, while time periods 3 (May–Jun) and 4 (Jul–
Aug) were significantly higher than all other time periods
as shown by Tukey-Kramer HSD. The percent difference
in microcystin concentration for the Harris Chain of Lakes
among time periods ranged from 97% below to 263% above
the annual average microcystin concentration of the 216
individual water samples (Fig. 2). During the time periods
Jan to Apr and Nov to Dec these hypereutrophic Harris
Chain of Lakes were below the annual average. From May
to Oct concentrations were above the annual average.

Discussion
The results of this study are reported with caution due to
the limitations of the study. Enlisting the Florida LAKE-
WATCH program was beneficial to achieve the study objec-
tive to sample a large number of lakes, but it restricted the
sampling design (i.e., water sample collected at a depth of
0.3 m, three open-water sites, lakes sampled six times per
year). Spatial coverage of sampling may also be limited, con-
straining the ability to capture peak blooms and areas of the
lake with higher microcystin concentrations. Intense blooms
could occur at any time and place within a lake, and wind
can concentrate blooms on shorelines or in specific areas of
the lake (Verhagen 1994, Falconer et al. 1999). Areas likely
to experience these intense blooms events (shorelines and
near-shore areas) may have microcystin concentrations or-
ders of magnitude higher than the sampled open-water sites.
Or it may be that metalimnetic blooms contain the high-
est microcystin levels in the lake. The sporadic occurrence
of these elevated microcystin concentrations illustrates the
spatial and temporal variability in microcystin concentra-
tions within and among individual lakes. Every additional
study of microcystin in lakes adds to our ability to predict
the occurrence and concentrations of microcystin.

Kotak and Zurawell (2007) showed that frequency of oc-
currence of microcystin increased with trophic status in
temperate lakes. In this subtropical lakes study, the high-
est microcystin concentrations were measured in lakes and
water samples classified as hypereutrophic (based on chloro-
phyll concentrations). Lakes of higher trophic status yielding
higher microcystin concentrations can be attributed to the
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Figure 4.-Mean monthly microcystin concentrations for six Harris Chain of Lakes located in Lake County, FL, sampled Sep 2006 to Aug
2007.

shift in phytoplankton species that occurs with increasing
trophic state; green algae dominating oligotrophic waters,
diatoms peaking in mesotrophic waters, and cyanobacteria
dominating eutrophic waters (Watson et al. 1997). Addi-
tionally, increases in nutrients have long been shown to
cause an increase in algal biomass (Sakamoto 1966, Canfield
1983), higher cell densities (algal blooms) and usually dis-
play higher toxin content (Chorus and Bartram 1999).

Cyanobacteria have been shown to dominate in oligotrophic
Florida lakes (Canfield et al. 1989), and microcystin did oc-
cur in oligotrophic lakes during this study. Consequently,
it would not be unexpected if microcystins were found in
other world-wide oligotrophic lakes as the presence of mi-
crocystin is not an indicator of human-induced eutrophica-
tion. Despite the trend of increasing microcystin concentra-
tions with increasing trophic state in Florida, only two of
the lakes in our study produced water samples with micro-
cystin concentrations above the WHO recreational guidance
value.

It is not clear, based on existing research, what genetic
and environmental factors control temporal variation in
microcystin production (Jacoby et al. 2000, Jacoby and
Kann 2007, Kotak and Zurawell 2007); however, season-
ality seems to consistently affect the amount of micro-
cystin present. Seasonal changes that occur in lakes include,
but are not limited to, stratification, temperature and light
fluctuations. One of these factors strongly related to phy-
toplankton community is water temperature fluctuations
(Wetzel 1983). With increasing temperature, algal commu-
nities generally shift from green algae to diatoms to blue-
green algae, which have been shown to occur in both Florida
and temperate lakes (Duarte et al. 1992, Phlips et al. 2007).
Microcystis spp. proliferates from 25 C to 28 C (Robarts
and Zohary 1987) and increases with intensity of sunlight
(Jiang et al. 2008). Microcystin concentrations in temper-
ate lakes usually increase beginning in May or June and

peak during Sep to Oct (Jacoby and Kann 2007, Kotak and
Zurawell 2007), while in subtropical lakes blooms begin
earlier in the year and persist longer (Sivonen and Jones
1999). Subtropical lakes offer optimal weather conditions
for cyanobacterial growth during most of the year. This sur-
vey of the 187 Florida lakes indicates that seasonality does
influence microcystin concentrations, with the majority of
elevated concentrations (≥1.0 µg/L) occurring from May to
November. Similarly, elevated microcystin concentrations
were also found to occur May to October in China’s sub-
tropical lakes (Yang et al. 2006). Annual climate variation
may change the timing of these bloom events among years,
however, so the findings in this study may not always equate
to previous or future years.

The seasonality of microcystin differed among trophic states
of the Florida lakes. In the oligotrophic and mesotrophic
lakes, microcystin concentrations exceeding the annual av-
erage microcystin concentrations occurred earlier in the year
(Jan–Apr). In the eutrophic and hypereutrophic lakes, micro-
cystin concentrations exceeding the annual average occurred
in the mid-to-later part of the year (Sep–Dec). Compared to
the chlorophyll concentrations established by Brown et al.
(1998) in Florida lakes, the peaks of microcystin concentra-
tions in the oligotrophic and mesotrophic lakes correspond
to lower chlorophyll concentrations, while the peaks in the
eutrophic and hypereutrophic lakes followed the monthly
chlorophyll peaks. Similar microcystin and chlorophyll con-
centrations trends have been shown to occur in other sub-
tropical lakes as well as temperate lakes (Giani et al. 2005,
Wu et al. 2006).

Reviewing the tables of algal bloom frequency established
for Florida lakes further suggests that the probability of
encountering elevated microcystin concentrations increases
with increasing chlorophyll concentrations. These tables are
useful for lake managers and users to predict when ele-
vated microcystin concentrations would likely occur (based

272

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
i
g
h
a
m
,
 
D
.
 
L
.
]
 
A
t
:
 
1
7
:
4
4
 
2
0
 
A
u
g
u
s
t
 
2
0
0
9



Toxic algal distribution in lakes

on chlorophyll concentrations and Secchi depth) in their
lake(s). For example, a 80 µg/L chlorophyll concentration in
a Florida lake is expected to exceed the WHO drinking water
guidance value 30% of the time; a 0.5 m Secchi depth mea-
surement in a Florida lake is expected to exceed the WHO
drinking water guidance value 24% of the time. Although
the tables were developed for Florida lakes, these tables may
be useful to lake managers in other regions because there is
a general relationship between microcystin and chlorophyll
in both subtropical and temperate lakes. Furthermore, lake
managers must recognize that detecting microcystin is pos-
sibile in any lake, but the probability of detection increases
significantly in eutrophic and hypereutrophic lakes.

The ratio of microcystin to chlorophyll in the 187 Florida
lakes varied from 0 to 0.56 with a mean of 0.2, low val-
ues compared to some temperate lake studies. Fastner et al.
(1999) found microcystin to chlorophyll ratios varied from
0.1 to 0.5 (maximum 1 to 2) in 55 German lakes. Johnston
and Jacoby (2003) found higher microcystin to chlorophyll
ratios from 0.4 to 0.6 in Lake Sammamish, Washington,
USA. The low microcystin to chlorophyll ratios found in
Florida may partially explain the low microcystin concen-
trations found in these productive, cyanobacteria-dominated
lakes. Additionally, Wu et al. (2006) found similar low mi-
crocystin concentrations (mean 0.58 µg/L) in 30 subtropi-
cal, shallow, eutrophic to hypereutrophic lakes. Subtropical
lakes, therefore, may have low microcystin concentrations
to high cyanobacterial biomass compared to temperate lake
systems. Additional research is needed to determine the rea-
sons for these results.

Conclusions
Microcystin concentrations were low (seldom exceeding
the WHO drinking water and recreational guidance values)
among Florida lakes as measured for 2006. There is a re-
lation between lake trophic state and elevated microcystin
concentrations, and some Florida lakes do experience fre-
quent blooms of cyanobacteria. If these eutrophic lakes are
utilized by animals and/or humans then microcystin mon-
itoring efforts by professionals would be well warranted.
For general recreational uses, the tables incorporating
chlorophyll concentration and Secchi depth provide lake
users with the probability that microcystin concentrations
will exceed the recreational guidance value.

The data obtained in this study may not represent conditions
throughout individual lakes through time; therefore, despite
the small apparent risk, further, more frequent sampling is
probably needed in high use areas (i.e., swimming and water
intakes). Volunteer monitoring programs such as Florida
LAKEWATCH can gather data useful in assessing overall

regional conditions; however, these programs may need to
be focused to target lake-specific human risk aspects.

New microcystin technologies are currently available that
may offer lake users the option to independently moni-
tor microcystin concentrations. Professionals could use lake
volunteers in conjunction with these new methodologies to
focus monitoring programs and allow lake users the option
to make independent decisions whether to have lake contact.
If professionals and volunteers work together, development
of long-term databases including many lakes could further
advance our understanding of the toxic algal (microcystin)
risk.

The results of this study are not limited to Florida lakes.
Although differences exist between subtropical and tem-
perate lakes regarding microcystin, there are many more
commonalities. It is essential for lake managers to identify
the dissimilar relationships and utilize the applicable rela-
tionships to assist in monitoring and understanding micro-
cystin problems. Kotak and Zurawell (2007) suggest there
is an incomplete understanding of the geographic distribu-
tion of microcystin primarily due to the lack of monitoring
programs and information that remains unpublished. This
study identifies not only a subtropical distribution of micro-
cystin but suggests some common relationships applicable
to microcystin management worldwide.
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