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• Toxin release from harmful
cyanobacteria increases with warming.
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elevated microcystin release between
20 and 25 °C.
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• Water temperature could be used to
forecast harmful algal bloom severity.
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The mechanisms regulating toxin release by cyanobacteria are poorly understood despite the threat
cyanotoxins pose to water quality and human health globally. To determine the potential for temperature
to regulate microcystin release by toxin-producing cyanobacteria, we evaluated seasonal patterns of
water temperature, cyanobacteria biomass, and extracellular microcystin concentration in a eutrophic
freshwater lake dominated by Planktothrix agardhii. We replicated seasonal variation in water temperature
in a concurrent laboratory incubation experiment designed to evaluate cause-effect relationships between
temperature and toxin release. Lake temperature ranged from 3 to 27 °C and cyanobacteria biomass in-
creased with warming up to 18 °C, but declined rapidly thereafter with further increases in temperature.
Extracellular microcystin concentration was tightly coupled with temperature and was most elevated be-
tween 20 and 25 °C, which was concurrent with the decline in cyanobacteria biomass. A similar trend
was observed in laboratory incubations where productivity-specific microcystin release was most elevated
between 20 and 25 °C and then declined sharply at 30 °C. We applied generalized linear mixed modeling to
evaluate the strength of water temperature as a predictor of cyanobacteria abundance and microcystin re-
lease, and determined that warming ≥ 20 °C would result in a 36% increase in microcystin release when
Chlorophyll a was ≤50 μg l−1. These results show a temperature threshold for toxin release in P. agardhii,
which demonstrates a potential to use water temperature to forecast bloom severity in eutrophic lakes
where blooms can persist year-round with varying degrees of toxicity.
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Fig. 1. Sampling locations within Grand Lake St. Marys, located in western OH, USA.
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1. Introduction

Blooms of toxin-producing cyanobacteria have increased in frequen-
cy with environmental degradation of freshwater ecosystems world-
wide (Kaebernick and Neilan, 2001; Watson et al., 2015; Pick, 2016).
In addition to compounds that are used for growth and development,
most species of algae release a fraction of their photosynthetic products
directly into the surrounding environment (Smith and Underwood,
2000; Bertilsson and Jones, 2003). These substances are typically com-
plex and include a mixture of both small and large molecular weight
compounds (Aaronson, 1971; McCarthy et al., 1996; Wyatt et al.,
2014). In some species of cyanobacteria, the exudate pool can include
a suite of toxic compounds that are harmful to human health
(Carmichael, 1992; Welker and von Döhren, 2006; Kaplan et al.,
2012). For example, microcystin is among the most commonly occur-
ring toxin produced by cyanobacteria in natural waters (Babica et al.,
2006; Rastogi et al., 2014), and can cause liver complications and dam-
age to the nervous system if ingested (Falconer, 2005; Bláha et al.,
2009). In an effort to manage health risks associated with toxin expo-
sure, studies have aimed to forecast the occurrence of toxic
cyanobacteria blooms (Srivastava et al., 2013), often using predictive
models (Downing et al., 2001; Taranu et al., 2012; Beaulieu et al.,
2013). Although our ability to predict bloom formation has been im-
proved by these studies, the concentration of toxins does not always in-
crease linearly with the abundance of cyanobacteria in surface waters
(Beaulieu et al., 2013), suggesting that other factors may play a role in
the release of toxins during bloom formation.

In the absence of nutrient limitation, temperature is often consid-
ered the most important determinant of growth and metabolism in
freshwater algae, including cyanobacteria (Raven and Geider, 1988).
This is due in part to the fact that many of the enzymatic reactions in-
volved in photosynthesis and respiration are temperature dependent.
The typical photosynthetic response of cyanobacteria to temperature
is a progressive increase until the physiological optimum, followed by
a rapid decline (Davison, 1991). Cyanobacterial dominance at elevated
temperatures has been attributed to their higher temperature optimum
growth rates (Butterwick et al., 2005; Helbling et al., 2015) and to their
greater affinity for nutrients at elevated temperatures compared to eu-
karyotic algae (Xie et al., 2012). Temperature manipulation experi-
ments have revealed that cyanobacteria toxin content also increases
with temperature (Rapala et al., 1997; Brutemark et al., 2015) and ele-
vated growth rates at warmer temperatures promote replication of
toxic cells (Davis et al., 2009). Although toxins are typically contained
within the cyanobacteria cell (i.e., cell-bound), they can be released
into the water column upon cell lysis, death, or as extracellular release
(Shi et al., 1995; Christoffersen et al., 2002; Pearson et al., 2004; Paerl
and Otten, 2013). Despite the threat cyanotoxins pose to water quality
and human health, the mechanisms regulating toxin release by
cyanobacteria are poorly understood.

Given its influence on bloom formation and toxicity, temperature
may also be a key environmental factor regulating toxin release. The
production of secondarymetabolites (e.g., microcystin) is often coupled
with photosynthesis, and therefore mediated by changes in tempera-
ture (Paerl and Millie, 1996; Welker and von Döhren, 2006; Neilan
et al., 2012). Consequently, toxin concentrations in a wide range of
cyanobacteria species tend to be most elevated at temperatures that
are also optimal for growth (15–25 °C), with reduced toxin levels mea-
sured at higher or lower temperatures (Kaebernick and Neilan, 2001).
However, when high photosynthetic output (i.e., algal bloom) is com-
bined with unfavorable growth conditions, the release of toxins can in-
dicate damage to the cell (Schatz et al., 2007; Zilliges et al., 2011;
Holland and Kinnear, 2013). Although cyanobacteria are able to tolerate
a wide range of temperature conditions, cases of surface-water temper-
ature exceeding optimal conditions during warm summer months are
increasing (Kosten et al., 2012; Paerl and Otten, 2013). Elevated photo-
synthetic rates at warm temperatures can cause oxidative stress by
increasing the number of reactive oxygen species in the cell, which in-
hibit repair to the photosynthetic apparatus (Brutemark et al., 2015).
As a consequence, the stress caused by rising temperatures may induce
the release of toxins into the water column (Paerl and Millie, 1996;
Christoffersen et al., 2002), though too few studies exist to support
this hypothesis.

In this study, we used a combination of field and laboratory ap-
proaches to evaluate temperature regulation of microcystin release by
toxin-producing cyanobacteria. Long-term monitoring and field-based
studies have provided valuable multivariate datasets, but often lack de-
tail on themechanisms controlling spatial and temporal trends on toxin
release (Taranu et al., 2012; Wells et al., 2015). Conversely, laboratory
investigations of toxin regulationmechanisms can be difficult to extrap-
olate to the environment (Kaebernick and Neilan, 2001; Kosten et al.,
2012). We conducted this current study in a eutrophic freshwater lake
in western Ohio, USA where toxin-producing cyanobacteria
(i.e., Planktothrix agardhii) occur at elevated levels throughout the
year, including beneath ice duringwinter months. This set of conditions
allowed us to capture temporal variation in water temperature,
cyanobacteria biomass, and free microcystin concentration across a
wide range of temperatures (3–27 °C) at a single location. To evaluate
cause-effect relationships between temperature and toxin release, we
replicated seasonal variation in temperature in the laboratory using
temperature-regulated recirculating water baths containing water and
toxin-producing cyanobacteria from the study lake. We used data
from these field and laboratory approaches to test the hypothesis that
temperature regulates cyanobacteria production and the release of
microcystin during photosynthesis. We incorporated our results into a
model that uses temperature to predict toxin release with the aim of
providing resource managers with a tool to minimize health risks asso-
ciated with toxic cyanobacteria blooms.

2. Materials and methods

2.1. Study site

The field portion of our study was conducted in a eutrophic temper-
ate lake located in western OH, USA (Grand Lake St. Marys; Latitude:
40.53°N; Longitude: 84.50°W; Fig. 1). Grand Lake St. Marys is a shallow
(2 m average depth) lake with a surface area of 59 km2. Approximately
90% of the surroundingwatershed is agricultural land use, which has re-
sulted in water column dissolved nutrient concentrations consistently
N1000 μg l−1 total nitrogen (TN) and 100 μg l−1 total phosphorus
(TP) (Dumouchelle and Stelzer, 2014). Since 2009, the lake has experi-
enced perennial blooms of a microcystin-producing cyanobacterium P.
agardhii containing the mcyE toxin-producing gene (Dumouchelle and
Stelzer, 2014). As a consequence, total microcystin concentrations in
the lake are regularly above the exposure limit for recreational use
(N20 μg l−1), resulting in lake closures to public access (USEPA, 2016).



Fig. 2. Schematic of (A) circulating water bath during the laboratory temperature
manipulation and (B) jacketed beakers (from Gu and Wyatt, 2016). An internal pump
circulates temperature-regulated water around the inner walls of each beaker,
maintaining constant temperature of water inside each incubation flask.
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The occurrence of year-round toxic cyanobacteria blooms within this
lake combined with single-species dominance provided a unique op-
portunity to evaluate temperature regulation of toxin release (in the ab-
sence of nutrient limitation).

2.2. Field sampling

To evaluate seasonal trends related to cyanobacteria abundance and
toxin levels,wemonitored physical and chemical parameters at 11 sam-
pling locations within the lake for one year beginning May 2015. Sam-
pling occurred monthly except for March, April, May, and November,
which were sampled twice each month to capture transitional periods
inwater temperature. Sampling locationswere chosen using a stratified
sampling design to capture spatial variability andwere accessed by boat
(Fig. 1). Environmental parameters, including water temperature (°C),
dissolved oxygen (DO), specific conductivity, and pH, were measured
with a calibrated Hydrolab sonde (Hach, Loveland, CO, USA) and
water clarity was measured with a secchi disk (Wetzel and Likens,
2000). Dissolved organic carbon (DOC), total dissolved N (TDN), and
soluble reactive P (SRP) were analyzed from 30 ml filtered water sam-
ples (0.45 μm filter) collected from 5 cm below the surface at each loca-
tion. Samples were stored in sterile polyethylene bottles on ice in a dark
cooler and transported to the laboratory. Dissolved organic carbon was
analyzed using a Shimadzu TOC analyzer (Shimadzu Corp., Columbia,
MD, USA), and TDN and SRP were analyzed following persulfate diges-
tion using the second-derivative UV spectroscopy and ascorbic acid
methods, respectively (APHA, 1998).

To capture temporal variation in phytoplankton dynamics and toxin
levels, we quantified phytoplankton biomass (Chlorophyll a and dry
mass), cell density, taxonomic composition, algal nutrient content, and
free microcystin concentration at each of the 11 locations within the
study lake on each sampling date. Phytoplankton samples (120 ml)
were collected from a 1 m plankton tow using a 10 μm nanoplankton
net (Wildlife Supply Company, Yulee, FL, USA). Samples were placed
on ice in a dark cooler and transported to the laboratory for analysis. A
known volume of water from each sample was collected on a 0.7 μm
glass fiber filter (GF/F; Whatman, Maidstone, UK) and analyzed for
Chlorophyll a after ethanol extraction with an Agilent Cary 60 spectro-
photometer (Agilent Technologies, Santa Clara, CA, USA) following stan-
dard techniques (APHA, 1998). Phytoplankton dry mass was
determined by drying a subsample at 105 °C for 48 h in pre-weighed
aluminum pans (APHA, 1998). A separate portion of each sample was
preserved in a 2% formalin solution for phytoplankton cell abundance
and taxonomic analysis. Cell abundance was quantified by counting
and identifying a minimum of 300 natural units per sample to genus
level at 400× magnification using a Palmer-Maloney nanoplankton
counting chamber (Charles et al., 2002). A separate subsample of
water was filtered onto a GF/F filter for analysis of algal nitrogen (TN)
and phosphorus (TP) content following oxidationwith persulfate diges-
tion. Sampleswere then analyzed for TN using the second-derivative UV
spectroscopy method and SRP using the ascorbic acid method (APHA,
1998). Algal nutrient content was expressed per unit drymass by divid-
ing the mass of N and P by the dry mass. Free (i.e., water column)
microcystin concentration was analyzed from a water sample collected
from 5 cmbelow the surface at each location and 0.45 μm-filtered using
low pressure tominimize cellular collapse.Microcystin concentration in
each water sample was measured using an enzyme-linked immunosor-
bent assay (ELISA; 0.1 μg l−1 detection limit) and the colorimetric re-
sponse at 450 nm was determined on a microtiter plate reader
according to the manufacturer's protocol (Envirologix, Portland, MA,
USA).

2.3. Laboratory incubation experiment

Seasonal variation in lakewater temperaturewas replicated in a lab-
oratory incubation experiment designed to evaluate the effects of
temperature on cyanobacteria production and toxin releasewhile keep-
ing all other variables constant. Water temperature was manipulated
from 3 to 30 °C at 5 °C increments and from 15 to 20 °C at 1 °C
increments using recirculating water baths plumbed to jacketed bea-
kers (Ace Glass Inc., Vineland, NJ, USA) that circulated temperature-
regulated water aroundmesocosms (500 ml glass flasks) placed within
each beaker (n = 3 for each temperature treatment) (Fig. 2; Gu and
Wyatt, 2016). Lake water containing toxin-producing P. agardhii
was collected from the study lake for laboratory incubations on 15
July 2015. Each mesocosm was filled with 300 ml of 0.7 μm-filtered
lake water and inoculated with a 50 ml aliquot of unfiltered lake
water (containing natural abundances of cyanobacteria). Mesocosms
were incubated at experimental temperatures for four days during
which mesocosms were oxygenated using air stones and exposed to
500 μmolm−2 s−1 of photosynthetically active radiation on a 12-h cycle.

Productivity-specific toxin release was measured at each tempera-
ture interval by transferring cyanobacteria from incubation jars into bi-
ological oxygen demand (BOD) bottles filledwith 300ml of filtered lake
water. Prior to productivity measurements, a water sample was collect-
ed from each BOD bottle for initial concentrations of free microcystin
and dissolved nutrients (TDN and SRP). Nitrogen gas was bubbled into
BOD bottles to reduce oxygen levels prior to the initiation of productiv-
ity measures to ensure that changes in DO were the result of photosyn-
thesis and not temperature (i.e., to reduce O2 saturation). Initial O2

concentration was measured with a Hach model 40d multi-probe
(Hach Company, Loveland, CO, USA), and bottles were immediately
capped without trapping gas bubbles and incubated at experimental
temperatures inside jacketed beakers (as described above). After
30 min, final O2 concentration was measured, and a 20 μl water sample
was collected for final free microcystin concentration. Samples for
microcystin concentration filtered and analyzed as described above.
Each BOD bottle was wrapped with aluminum foil and incubated for
an additional 30 min in the dark. Initial and final DO measurements
were used to estimate net productivity and respiration, respectively.
We calculated gross primary production (GPP) following Wetzel and
Likens (2000) and converted GPP values into carbon units based on a
C:Omolar ratio of 0.375 and a photosynthetic quotient of 1.2. Following
productivity measurements, a 30 ml water sample was collected for
final dissolved nutrient concentrations and cyanobacteria were dried
for estimates of dry mass (APHA, 1998). We calculated toxin release
as the difference between initial and final microcystin concentration.
We expressed productivity rates as carbon evolution per unit dry
mass and microcystin release as a fraction of GPP.
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2.4. Statistical analyses

We analyzed differences among cyanobacteria abundance (biomass
and cell density) and toxin concentration over time using repeated
measures general linear models (RM-GLM) and Tukey's test for post
hoc comparison of means tests. We used a generalized linear mixed
model with a gamma error distribution to predict microcystin concen-
tration as a function of temperature. A gamma error distributionwas se-
lected as only non-negative continuous variables were included in the
model. The model included environmental factors as covariates, an in-
teraction term (temperature × Chlorophyll a) that was treated as a
fixed effect, and sampling site was treated as a random effect using
the following equation:

g μ ismð Þ ¼ α þ βXi þ λ�Ti
�Chlai þ δs

where g(μism) is the log link function, μ is themeasured concentration of
microcystin (μg l−1), β is a vector of coefficients for the fixed effects, Xi

is a matrix of covariates, λ is the coefficient for the interaction term, Ti is
water temperature (°C) of observation i, Chlai is the amount of Chloro-
phyll a measured at observation i, and δs is the random effect for site.

To improve the efficiency of estimating coefficients, all covariates
were converted to z-scores using the following equation:

z−score xkið Þ ¼ xki−AVG xkð Þ
SD xkð Þ

where xk is covariate k, xki is covariate k for observation i, AVG(xk) is the
average value of covariate k, and SD(xk) is the sample standard devia-
tion for covariate k.

We evaluated all possible combinations of fixed effects and themost
parsimoniousmodel was selected using Akaike's Information Criterions
corrected for small sample size (AICc). All models that had a change (Δ)
in AICc of ≤2 were considered equally plausible. Highly correlated pre-
dictor variables were never used in the same model during the model-
selection process. We used a model averaging technique to reduce all
of the most plausible models to one global model used for prediction.
The relative strength of each variable was assessed by an importance
index. Importance was calculated by summing the AIC weights from
all models that included the independent variable as a covariate. If a co-
variate was included in every model, the importance score would equal
1.00 indicating that the influence of the covariate on the relationship be-
tween microcystin and temperature was significant 100% of the time.
Lower importance scores indicated that the covariate was not a strong
predictor of microcystin release and was included in fewer models. Ad-
ditionally, we used leave-one-out cross validation to evaluate the ability
of the top models to predict microcystin concentration. All models that
were selected based on a ΔAICc of ≤2 were fit using the original dataset
with one observation removed and then averaged as above. The model
averaged coefficients were then used to predict the removed value. This
process was repeated for the original dataset with each observation re-
moved. To evaluate model fit and predictive ability from the leave-one-
out cross validation,we calculated the rootmean squared error (RMSE).
The RMSE is a measure of variability around the predicted regression
line similar to standard deviation as a measure of variability around a
mean. Thus, approximately 95% of the observed values fell within ±2
RMSE units of the predicted value. The RMSE was calculated using the
following equation:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 ŷi−yið Þ2
n

s

where ŷi is the predicted value of the ith observation, yi is the observed
value of the ith observation, and n is the total number of observations.

All analyseswere conducted using the R statistical programming en-
vironment version 3.3.2 (R Core Team, 2016). Mixed effects models
were fit using the lme4 package version 1.1–12 (Bates et al., 2015),
and multimodel inference was conducted using the MuMIn package
version 1.15–6 (Barton, 2016).

3. Results

3.1. Field survey

Year-round field sampling captured variation in environmental con-
ditions that were used to predict cyanobacteria abundance and toxin
levels (Fig. 3; Table 1).Water temperature (mean± SD, n=11) ranged
from 1.5 ± 0.2 to 27.0 ± 0.4 °C during the study period. Dissolved oxy-
gen levels (mean ± SD, n = 11) ranged from 9.1 ± 1.1 to 15.3 ±
0.5 mg l−1 and increased with decreasing water temperature. Specific
conductivity ranged from 412.0 ± 2.0 to 491.4 ± 7.2 μS cm−1, with
higher readings recorded during springtime sampling. Lake pHwas con-
sistently alkaline but was at its minimum (8.87 ± 0.01) during periods
of ice cover and increased to 11.59±0.05 concurrentwith periods of el-
evated algal biomass, likely owing to the influence of photosynthesis on
the uptake of inorganic carbon from the water column. Secchi depth
ranged from18.0± 0.3 to 54.4± 2.5 cm, and decreasedwith increasing
algal biomass. Dissolved nutrient concentrations (mean ± SD, n = 11)
remained above growth-limiting levels throughout the study period,
where mean TDN ranged from 431.2 ± 36.8 to 2315.2 ± 102.0 μg l−1

and SRP ranged from 15.1 ± 0.87 to 52.3 ± 6.12 μg l−1.
Temporal variation in cyanobacteria abundance was related to

changes in lake water temperature. Cyanobacteria biomass measured
as Chlorophyll a ranged from 8.24± 0.73 to 83± 7.4 μg l−1 throughout
the study but was most elevated when lake temperature was 9–19 °C
(RM-GLM, p b 0.0001; Fig. 4a). At water temperatures N 19 °C, Chloro-
phyll a declined nearly 4-fold, from 60.1 ± 3.68 to 16.4 ± 1.18 μg l−1

(RM-GLM, p b 0.0001), resulting in Chlorophyll a values similar to
those measured during periods of ice cover (RM-GLM, p = 0.99;
Fig. 4a). Algal dry mass followed a similar pattern as Chlorophyll a,
showing a sharp decline at water temperatures N 19 °C (RM-GLM, p b

0.0001; Fig. 4b). Both measures of biomass (Chlorophyll a and dry
mass) recovered from the decline once water temperatures dropped
below 19 °C (Fig. 4a,b). Cell density (106 cells l−1) was most elevated
at 24 °C (103.5 ± 8.0), but declined nearly six-fold with further in-
creases inwater temperature (RM-GLM, p b 0.0001; Fig. 4c). Cell density
(106 cells l−1) was dominated by P. agardhiiwhich comprised ≥96% of
community composition throughout the study and ranged from 5.65
± 1.22 (during ice cover) to 103.5 ± 8.0 (Fig. 4c). A total of 24 other
algal genera were identified, but remained b5% relative abundance.
Algal tissue TN varied more than five-fold (51.2 ± 3.8 to 275.5 ±
20.1 μg l−1 g−1 dry mass) throughout the study period (Table 1), and
was unrelated to changes in biomass (Fig. 3). Conversely, algal tissue TP
more closely followed changes in biomass and ranged from 54.0 ± 7.4
to 154.9 ± 11.4 μg g−1 dry mass l−1 throughout the study period
(Table 1).

Free microcystin concentration was influenced by both water tem-
perature and cyanobacteria abundance (biomass and cell density), but
in opposing directions. Free microcystin concentration tracked closely
with water temperature throughout our study period and was greatest
(1.10 ± 0.08 μg l−1) at temperatures ≥ 20 °C and lowest (0.21 ±
0.07 μg l−1) during periods of ice cover when water temperature was
at its minimum (Fig. 4a–c). Free microcystin concentration was coupled
with changes in cyanobacteria abundance at temperatures between 3
and 19 °C (Fig. 4a–c). However, microcystin concentration was inversely
related tomeasures of cyanobacteria abundance at temperatures N 19 °C,
where there was a significant decline in cyanobacteria and a simulta-
neous two-fold increase in microcystin (RM-GLM, p = 0.01; Fig. 4).

The best model to predict free microcystin concentration included
water temperature, Chlorophyll a, tissue TP, tissue TN, DOC, and the
temperature × Chlorophyll a interaction term (Table 2). Based on
their magnitude of coefficients and importance values, water



Fig. 3.Correlationmatrix of predictor variables used in generalized linearmixedmodeling. Only significant Pearson's correlations coefficients are shown. Temp=water temperature, cond
= specific conductivity, DO=dissolved oxygen, chlA=Chlorophyll a, TDN=water column total dissolved nitrogen, SRP=water column soluble reactive phosphorus, DOC=dissolved
organic carbon, tissue TN= tissue total nitrogen, tissue TP = tissue total phosphorus.

Table 1
Descriptive statistics of environmental conditions, algal parameters, and microcystin con-
centrations from year-long field sampling. Mean and standard deviation (SD) values are
overall distribution of variables throughout the study period (all sampling locations and
dates; n = 165). Minimum, median, and maximum values represent the range of condi-
tions among sampling dates (mean; n = 11).

Variable Mean SD Minimum Median Maximum

Water temperature (°C) 14.2 8.19 1.50 13.20 27.0
Dissolved oxygen (mg l−1) 11.9 2.50 9.14 11.6 15.3
Specific conductivity (μs cm−1) 451.5 27.5 412.0 452.7 491.4
pH 10.0 0.71 8.87 10.1 11.6
Secchi disk depth (cm) 27.9 10.8 18.0 23.3 54.4
DOC (mg l−1) 7.13 1.06 5.90 7.12 8.07
TDN (μg l−1) 1160.0 622.3 431.2 841.3 2315.2
SRP (μg l−1) 33.2 15.9 15.1 35.4 52.3
Chlorophyll a (μg l−1) 41.9 27.1 8.24 40.9 83.4
Dry mass (mg l−1) 5.89 2.70 2.84 5.50 9.85
106 algal cells l−1 37.7 30.7 5.65 29.7 103.5
Tissue TN (μg N g−1 algae l−1) 159.7 87.0 51.2 143.0 275.5
Tissue TP (μg P g−1 algae l−1) 99.6 40.6 54.0 84.4 154.9
Microcystin (μg l−1) 0.61 0.36 0.27 0.49 1.10

Note: DOC=dissolved organic carbon, TDN= total dissolved nitrogen, SRP= soluble re-
active phosphorus, TN = total nitrogen, TP = total phosphorus.
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temperature, Chlorophyll a, tissue TP, and temperature × Chlorophyll a
were the strongest predictors of free microcystin within the model
(Table 3). There was a significant relationship between free microcystin
concentration and the temperature × Chlorophyll a interaction, indicat-
ing that the rate of microcystin release, as a function of temperature, in-
creases as Chlorophyll a decreases (Fig. 5). Specifically, at low
temperatures (e.g., 5 °C), the model predicted free microcystin concen-
tration to be 0.40, 0.46, and 0.54 μg l−1 when Chlorophyll a was 1, 50,
and 100 μg l−1, respectively (Fig. 5). In contrast, at temperatures
above 20 °C, the model predicted free microcystin concentration to
be 1.26, 0.72, and 0.42 μg l−1 when Chlorophyll a was 1, 50 and
100 μg l−1, respectively (Fig. 5). Predicted microcystin values from the
leave-one-out cross-validation (RMSE = 0.28) were within ±0.56
μg l−1 of the observed values and were highest during the warmest
months and lowest during the coldest months (Fig. 6). Model predic-
tions also indicated that free microcystin concentration was expected
to increase 36% when tissue TP increased from 100 to 200 μg P g−1

algae l−1 (estimates calculatedwith all other covariates held at their av-
erage value; Fig. S1). However, there was greater uncertainty in esti-
mates at the high range of tissue TP because of limited observations
(n=5) above 175 μg P g−1 algae l−1. The remaining covariates (tissue



Fig. 4. The relationship between water temperature (°C) (grey shading), free microcystin
concentration (μg l−1) (dotted lines with open circles), and cyanobacteria abundance
(solid lines with closed circles) measured as (A) Chlorophyll a (μg l−1), (B) dry mass
(μg l−1), and (C) Planktothrix cell density (106 cells l−1) during year-long sampling.
Values are mean ± 1 SE.

Table 2
Predictivemodels for freemicrocystin concentration based ondata collected during year-longfi
location and date. Predictors include TTP= tissue total phosphorus, DOC=dissolved organic ca
DO= dissolved oxygen. The stronger models are those with the highest AICc weight.

Model

Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, DOC, TTN
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, DOC
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, TTN
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, DOC, SRP
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, DOC, SRP, TTN
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, SRP
Water temperature, TTP, Chlorophyll a, water temperature × Chlorophyll a, conductivity,
Water temperature, TTP, DO, DOC

Table 3
Model-averaged coefficients and relative variable importance. Coefficients are sorted by
importance. Importance is the sum of AICc weights across all models in which the term
is included.

Coefficient Estimate Standard error Importance

Intercept −0.535 0.068
Water temperature 0.222 0.059 1.00
Tissue TP 0.125 0.052 1.00
Chlorophyll a −0.095 0.055 0.93
Water temperature × Chlorophyll a −0.153 0.074 0.93
Dissolved organic carbon −0.057 0.059 0.65
Tissue TN −0.034 0.051 0.45
Soluble reactive phosphorus 0.017 0.037 0.30
Conductivity −0.002 0.015 0.07
Dissolved oxygen −0.007 0.029 0.07
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TN, SRP, DOC, algal dry mass, specific conductivity, and DO) predicted
≤1% change in microcystin concentration (Fig. S1).

3.2. Laboratory incubation experiment

Water temperature had a significant influence on microcystin
release in P. agardhii during our laboratory incubation (F10,22 = 7.24,
p b 0.001; Fig. 7). Mean GPP-specific microcystin release remained at re-
duced levels (below 0.10 μg microcystin mg−1C h−1 g−1 dry mass) and
similar among treatments up to 19 °C (p ≥ 0.14; Fig. 7). Mean
GPP-specific microcystin release increased 3–4-fold at 20 °C and
remained at elevated levels to 25 °C (p ≤ 0.02; Fig. 7). Toxin release de-
clined at 30 °C to levels that were not significantly different from 3 to
19 °C temperature treatments (p = 0.15; Fig. 7). Dissolved nutrient
concentrations remained above growth-limiting levels throughout the
incubation experiment beginning at 803.3 ± 42.7 μg l−1 TDN and 77.1
± 1.69 μg l−1 SRP and declined to 665.5 ± 30.0 μg l−1 TDN and 23.5
± 2.67 μg l−1 SRP by the end of the incubation.

4. Discussion

Toxic cyanobacteria commonly occur in eutrophic ecosystems, mak-
ing nutrients the primary focus of harmful algal bloom (HAB) ecology
and management (Downing et al., 2001; Beaulieu et al., 2013; Deng
et al., 2014; Lv et al., 2014). However, nutrient enrichment alone does
not facilitate cyanobacteria dominance over other types of eukaryotic
algae (Schindler, 1977; Jensen et al., 1994; Beaulieu et al., 2013), nor
have nutrients been found to regulate toxin synthesis or gene expres-
sion in cyanobacteria (Briand et al., 2005; Davis et al., 2009; Joung
et al., 2011; Neilan et al., 2012). On the other hand, the synergistic ef-
fects of elevated water temperature and nutrient enrichment have
been shown to favor toxic cyanobacteria (Posch et al., 2012), and the
frequency and duration of toxic cyanobacteria blooms are expected to
increase in eutrophic ecosystems with rising water temperatures
(Paerl and Otten, 2013). Since the production and subsequent release
of cyanotoxins into thewater columnduring bloom events pose a threat
eld sampling.Model selection results include the intercept and randomeffects for sampling
rbon, TTN= tissue total nitrogen, water column SRP= soluble reactive phosphorous, and

df ΔAICc AICc weight

9 0.00 0.168
7 0.31 0.144
8 0.34 0.141
8 0.88 0.108
9 0.94 0.105
10 1.00 0.102
8 1.09 0.097

DOC, TTN 10 0.82 0.068
7 1.85 0.067
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Fig. 5.Model averaged predictions of freemicrocystin concentration (μg l−1) as a function
of water temperature (°C) with Chlorophyll a fixed at (A) 1 μg l−1, (B) 50 μg l−1, and
(C) 100 μg l−1 and other covariates held at their mean value. Solid lines represent the
mean predicted microcystin concentration and grey ribbons represent the 95%
confidence intervals approximated as ±2 ∗ prediction standard error.

Fig. 6. Time series of observed free microcystin concentration and leave-one-out cross-
validation predicted free microcystin concentration.

Fig. 7. Mean ± 1 SE gross primary productivity-specific microcystin release among
experimental temperature treatments. Points with the same letter are not significantly
different among treatments at the α = 0.05 significance level.
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to water quality and human health (Carmichael, 1992), identifying fac-
tors that promote toxin release is imperative to minimize risk of expo-
sure. In this study, we took advantage of an ecosystem with year-
round blooms (2009–present) of P. agardhii to evaluate the role of tem-
perature on toxin release without the confounding influence of nutrient
limitation. Our results indicate that the biomass and productivity of
toxin-producing P. agardhii, both in-situ and in the laboratory, decline
at elevated water temperatures. Further, toxin release varied with
temperature-mediated changes in productivity, pointing to the impor-
tance of temperature as a key factor regulating toxin release.

The strong influence of temperature on cyanobacteria abundance
observed during this study (in the absence of nutrient limitation) is con-
sistent with research across marine and freshwater ecosystems
(Ibelings, 1996; O'Neil et al., 2012). Although, cyanobacteria were pres-
ent at bloom levels (≥20,000 cyanobacterial cells ml−1 or 10 μg l−1

Chlorophyll a; Bartram and Chorus, 1999; WHO, 2003) across a wide
range of temperatures (3–27 °C), biomass increased with warming
and was greatest at temperatures ranging from 9 to 19 °C. Given that
P. agardhii comprised ≥96% of phytoplankton community composition
throughout the year, we anticipatedmaximum growth rates at temper-
atures within their optimal range (10–20 °C; Dokulil and Teubner,
2000). However, there was a significant decline in biomass at
temperatures ≥ 19 °C, suggesting that elevated water temperatures
had exceeded tolerable conditions. This finding is noteworthy because,
unlike low-temperature thresholds that tend to limit cyanobacteria ac-
cumulation and associated toxins (Robarts and Zohary, 1987; Liu et al.,
2011), the reduction in biomass at elevated temperatures was coupled
with a marked increase in extracellular (i.e., free) microcystin concen-
tration. The decoupling of P. agardhii biomass and extracellular
microcystin concentration at elevated temperatures is consistent with
research showing an inverse relationship between P. agardhii biomass
and the proportion of microcystin-producing genotypes at
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temperatures N 19 °C (Briand et al., 2008). Consequently, our findings
add to a growing body of literature demonstrating that toxin concentra-
tion does not always increase linearly with cyanobacteria abundance
(Briand et al., 2008; Davis et al., 2009; Srivastava et al., 2013), but in-
stead, is at its maximum when optimal environmental conditions for
cyanobacteria are exceeded.

The close association between temperature and toxin release was
confirmed by our laboratory incubation experiment. During incuba-
tions, microcystin release was lower from cells with elevated photosyn-
thetic capacity (at temperatures between 3 and 19 °C), compared to
cyanobacteria with a reduced photosynthetic capacity (at temperatures
between 20 and 25 °C). Microcystin is a secondary metabolite and its
production tends to increase with temperature, owing to the influence
of warming on photosynthesis (Dziallas and Grossart, 2011; Neilan
et al., 2012; Brutemark et al., 2015). The rise in extracellularmicrocystin
at elevated temperatures is consistent with previous research showing
release of secondary metabolites can prevent damage to the cell when
high photosynthetic output is coupled with unfavorable growth condi-
tions (Smith and Underwood, 2000). Cyanotoxins in particular have
been shown to be released in response to oxidative stress and can signal
for enhanced toxin production by the remaining intact cells (Schatz
et al., 2007; Zilliges et al., 2011; Holland and Kinnear, 2013). Given
that elevated photosynthetic rates at higher temperatures can cause ox-
idative stress (Brutemark et al., 2015), the decline in production and rise
in extracellular microcystin concentration measured at temperatures
above optimal conditions during our study may have been due to
temperature-induced oxidative stress. Although we are not able to
rule out light intensity as a possible stress inducing factor (Kaebernick
et al., 2000; Wiedner et al., 2003), a similar response was observed in-
situ under variable light conditions and in the laboratory with con-
trolled light levels, suggesting that light was not the primary factor con-
tributing to microcystin release in this study.

In an effort to improve on our ability to predict the frequency or se-
verity of toxic cyanobacteria blooms in areas of concern (Gilbert et al.,
2005; Bernard et al., 2014; Wells et al., 2015), we integrated our find-
ings into a model that predicted free microcystin concentration as a
function of water temperature. Specifically, our model predicted that
temperatures ≥ 20 °C would result in a 36% (0.26 μg l−1) increase in ex-
tracellular microcystin concentration when Chlorophyll a was ≤50
μg l−1. Model predictions also indicated that free microcystin concen-
tration would be expected to increase with intracellular P content, sug-
gesting that P indirectly influences toxin release through its effect on
algal biomass (Davis et al., 2009; Kosten et al., 2012; Beaulieu et al.,
2013). Similar to other studies (Briand et al., 2008; Davis et al., 2009;
Beaulieu et al., 2013), we found that measures of cyanobacteria abun-
dance alone were poor predictors of toxin concentration and their use
asmetrics to determine risk will likely underestimate toxicity. Although
there are a number of toxin-producing cyanobacteria species, eachwith
varying temperature optima (Dokulil and Teubner, 2000), particularly
those originating from tropical habitats (e.g., Cylindrospermopsis
raciborskii; Wiedner et al., 2007), the results of this study demonstrate
a potential to use water temperature as a metric to forecast bloom
severity in eutrophic lakes. Given the extent of publically accessible
long-term temperature records in freshwater ecosystems
(e.g., National Lakes Assessment; USEPA, 2009), we anticipate that our
model could be integrated into existing frameworks to improve efforts
to minimize health risks associated with toxin exposure. Such tools
may be especially relevant for eutrophic lakes where blooms can persist
year-round with varying degrees of toxicity.

Although the role of temperature has been widely recognized as a
factor contributing to toxic cyanobacteria growth (Robarts and Zohary,
1987; Paerl and Huisman, 2009) and toxin production (Wiedner et al.,
2007; Brutemark et al., 2015), our study provides new insight into the
influence of temperature on extracellular toxin release. Specifically,
our results show that toxin release from harmful cyanobacteria (i.e., P.
agardhii) increases significantly at temperatures above optimal growth
conditions. Although toxicity has frequently been reported to be a result
of warmer temperatures supporting higher growth rates of toxic cells
(Rapala et al., 1997; Paerl and Huisman, 2008; Paerl and Paul, 2012),
we found that free microcystin concentration was highest when P.
agardhii biomass and cell density were reduced. This inverse relation-
ship occurred at temperatures between 20 and 25 °C, pointing to a pos-
sible temperature threshold where P. agardhii release a greater
proportion of their toxins into the water column. This finding is notable
since instances of water temperatures exceeding 20 °C during warm
summer months have become increasingly common with ongoing cli-
mate change (Wiedner et al., 2007; Kosten et al., 2012). As a conse-
quence, there is an increased likelihood that warming will generate a
positive feedback on the frequency and severity of harmful blooms by
promoting toxic cyanobacteria over non-toxic strains (Briand et al.,
2008; Kleinteich et al., 2012), stimulating intracellular (i.e., cell-
bound) toxin synthesis (Davis et al., 2009), and subsequently triggering
toxin release. Though it is not possible to rule out the potential for ther-
mophilic cyanobacteria species to competitively exclude those stressed
at elevated temperatures, such as the P. agardhii observed in this study.
Nonetheless, there is growing evidence that climate change has caused
rapid rates of warming and facilitated the expansion of toxic
cyanobacteria into ecosystems that were previously undisturbed
(Winter et al., 2011; Carey et al., 2012; Kleinteich et al., 2012; Taranu
et al., 2015). The results of our study point to the importance of moni-
toring temperature changes in these ecosystems, whichmay aid in fore-
casting the likelihood for warming to catalyze significant lake change at
larger scales.
5. Conclusions

Overall, the results of our study show that temperature regulates
microcystin release from toxin-producing cyanobacteria. In particular,
we found that P. agardhii can be present at bloom levels across a wide
range of temperatures (3–27 °C), but declines at temperatures above
those optimal for growth (≥19 °C). Extracellular microcystin was most
elevated (on a biomass basis) at temperatures between 20 and 25 °C.
The reduction in productivity and simultaneous increase in free toxin
concentrations at elevated water temperatures (in both laboratory
and in-situ sampling), supports our hypothesis that temperature regu-
lates the production of harmful cyanobacteria and the release of toxins.
By incorporating our results into a model that uses temperature to pre-
dict toxin release, this studywill provide resourcesmanagerswith a tool
to minimize health risks associated with toxin exposure.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.08.149.
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