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Abstract

Toxic cyanobacterial blooms threaten freshwaters worldwide but have proven difficult to predict because the mechanisms
of bloom formation and toxin production are unknown, especially on weekly time scales. Water quality management
continues to focus on aggregated metrics, such as chlorophyll and total nutrients, which may not be sufficient to explain
complex community changes and functions such as toxin production. For example, nitrogen (N) speciation and cycling play
an important role, on daily time scales, in shaping cyanobacterial communities because declining N has been shown to
select for N fixers. In addition, subsequent N pulses from N2 fixation may stimulate and sustain toxic cyanobacterial growth.
Herein, we describe how rapid early summer declines in N followed by bursts of N fixation have shaped cyanobacterial
communities in a eutrophic lake (Lake Mendota, Wisconsin, USA), possibly driving toxic Microcystis blooms throughout the
growing season. On weekly time scales in 2010 and 2011, we monitored the cyanobacterial community in a eutrophic lake
using the phycocyanin intergenic spacer (PC-IGS) region to determine population dynamics. In parallel, we measured
microcystin concentrations, N2 fixation rates, and potential environmental drivers that contribute to structuring the
community. In both years, cyanobacterial community change was strongly correlated with dissolved inorganic nitrogen
(DIN) concentrations, and Aphanizomenon and Microcystis alternated dominance throughout the pre-toxic, toxic, and post-
toxic phases of the lake. Microcystin concentrations increased a few days after the first significant N2 fixation rates were
observed. Then, following large early summer N2 fixation events, Microcystis increased and became most abundant.
Maximum microcystin concentrations coincided with Microcystis dominance. In both years, DIN concentrations dropped
again in late summer, and N2 fixation rates and Aphanizomenon abundance increased before the lake mixed in the fall.
Estimated N inputs from N2 fixation were large enough to supplement, or even support, the toxic Microcystis blooms.
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Introduction

Anthropogenic eutrophication of freshwaters has led to altered

ecosystem function and structure, water quality degradation, and

economic loss [1]. Destruction of ecosystem goods and services as

a result of eutrophication has resulted in over $1 billion in

expenditures annually within the United States alone [2]. Long-

term monitoring of ecosystem status (e.g. freshwater quality) has

generally followed a structural approach, monitoring metrics such

as total nitrogen (TN) and total phosphorus (TP) concentrations

and biomass indicators such as chlorophyll-a [3]. More recently, a

debate in the literature has emerged about the importance of N

loadings relative to P loadings on inter-annual time scales [4,5].

While N and P loading have undoubtedly contributed to an

increased occurrence of harmful cyanobacterial blooms (cHABs)

in freshwaters, estuaries, and coastal oceans [6,7], very little is

known about how varying nutrient fluxes will affect subgenus

cyanobacterial population dynamics, and more specifically,

ecosystem functions such as cyanotoxin production [8]. The

cyclical nature of nutrient draw-down and recycling seems to act

as a feedback loop to population dynamics, making it impossible to

separate whether blooms are simply a cause or a consequence of

dissolved nutrient scarcity. This is particularly true on intra-annual

time scales in which toxic blooms may occur during periods when

dissolved nutrients appear to be exhausted, regardless of total N

and P loadings.

Cyanotoxin production has been extensively studied in labora-

tory-based batch and chemostat experiments. Increased toxin

production has been observed under varying P [9,10], N [11,12],

N and P [13], iron (Fe) [14,15], and sulfur (S) concentrations [16],

as well as light availability [17], and varying growth states [18,19].

Most studies indicate that the highest toxin production occurs

under the most advantageous growth conditions [20], usually after

cultures have been acclimated to the desired condition. However,

Downing et al [21] showed that growth rate was not the only factor

controlling microcystin production and found that nitrate uptake

was highly correlated with toxin production, whereas P uptake and

carbon (C) fixation were negatively correlated. In addition, Ginn et
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al [12] revealed that the transcription factor NtcA, a global

nitrogen regulator, binds to the microcystin promoter region of the

mcyA/D genes in Microcystis aeruginosa and mcyB and ntcA are up

regulated under N limited and starved conditions. Both of these

studies are consistent with a recent proteomic study of 6 Microcystis

aeruginosa strains (3 toxic, 3 nontoxic) in which there was a relative

up regulation of the NrtA protein and down regulation of PII

proteins in the toxic strains [22]. Alexova et al [22] suggested that

C fixation, N metabolism, and photosynthesis are all linked in

toxic Microcystis aeruginosa with NtcA as the potential global

regulator, but also acknowledged the limitations of using a single

species, under nutrient replete conditions, as a model system.

In contrast to laboratory studies, ecosystem-based studies have

attempted to correlate multiple environmental factors to the

presence of cyanotoxins and/or toxic cyanobacteria in aquatic

systems to elicit an ecological role for, and eventually predict, the

production of these secondary metabolites. Oh et al [23] found that

microcystin concentrations were highly correlated to phytoplank-

ton biomass and chlorophyll-a. Interestingly, however, microcystin

did not correlate to Microcystis, Anabaena, or cyanobacteria biomass.

Wicks and Thiel [24] correlated peptide toxins with primary

production coupled to several environmental factors including

solar radiation, temperature, and dissolved oxygen concentrations.

Kotak et al [25] found no relationship between microcystin-LR

(MCLR) and temperature, and although insignificant, there was

an inverse relationship between MCLR and nitrate concentra-

tions. In addition, Kotak et al [26] found a significant negative

correlation between MCLR and secchi depth and significant

positive correlations between MCLR and TP, pH, and chloro-

phyll-a. Similarly in Lake Erie, Rinta-Kanto et al [27] found a

positive correlation between TP and mcyD, microcystin, and

Microcystis 16S rDNA, whereas TN, nitrate, and TN:TP ratios

were negatively correlated with mcyD, microcystin, and Microcystis.

The results of studies conducted on natural communities can often

be difficult to interpret due to the simultaneous presence of toxic

and nontoxic species of the same genera, as well as different genera

that concurrently produce the same toxin [28]. In addition, the

presence of different cyanobacterial genera, as well as other

eubacterial phyla, can be highly variable across nutrient gradients

[8,29], both spatially and temporally. Therefore, there is an

immediate need to identify both structural- and functional-based

environmental drivers of toxic species and toxin production at the

appropriate time and space scales, and to better integrate the

results of laboratory-based studies with field-scale observations.

Our objectives in this study were to 1) describe the timing of N2

fixation relative to rapid declines in dissolved inorganic nitrogen

(DIN) concentration upon lake stratification, and 2) to determine if

the level of N input due to N2 fixation could support microcystin

production. To do this, we tracked N2 fixation rates through time

and related it to DIN drawdown rates and N:P ratios. N2 fixation

is energetically expensive and heavily regulated. It has been shown

to occur only when bacteria are starved for other sources of

combined N (e.g. ammonium and nitrate), specifically when

cellular concentrations of 2-oxoglutarate (2-OG) surpasses a

critical threshold [30]. In addition, N2 fixation is important in

aquatic ecosystems because it often leads to the production of

‘‘new’’ N. This may be in contrast to N-limited, shallow polymictic

lakes where N inputs can come from regenerated benthic N and

heavy precipitation events [31]. The concept of new N was

developed for marine systems and refers to the subsidy of N to

surface waters via upwelled nitrate or conversion of atmospheric

N2 [32]. New N can enter the system as ammonium ions (NH4
+)

and dissolved organic nitrogen (e.g. glutamate and glutamine) that

leak out of cells during the fixation process [33,34], or after cell

lysis and remineralization. This input of new N can often support

the growth of contemporary phytoplankton communities and has

been suggested in a variety of settings to stimulate subsequent

blooms of benthic algae, non-N2 fixing cyanobacteria, and the

toxic dinoflagellate, Karenia brevis [35,36,37]. In model simulations,

Agawin et al [35] calculated that Synechococcus abundance was four

times greater in competition experiments with the N2-fixing

Cyanothece than it would have been in monoculture.

Although the importance of new N has been recognized in both

oceanic and laboratory setting, to our knowledge, no studies have

linked N2 fixation and new N production to toxic cyanobacteria in

freshwater ecosystems despite the ubiquitous threat cyanotoxins

have on water quality worldwide. Therefore, we estimated the

amount of new N that could be supplied to the surface waters and

could potentially support Microcystis growth and the production of

toxins. We sampled Lake Mendota, Wisconsin, USA —a large,

temperate dimictic lake—weekly from spring to fall over two years

to assess the importance of N stress on cyanobacterial population

dynamics and its potential role in toxin production. We employed

a structural and functional approach by combining community

analyses, toxin measurements, N2 fixation rates, and multivariate

statistics to assess the importance of several environmental drivers

both spatially and temporally.

Materials and Methods

Ethics statement
No specific permits were required for the described field study,

nor were any specific permissions needed to sample the following

locations. Lake Mendota is not privately owned, and our sampling

did not involve endangered or protected species.

Lake characteristics
Lake Mendota is a eutrophic lake located within the Six Mile

and Pheasant Branch Creek watershed of south central Wisconsin

(43.0995, 289.4045). It is characterized by large nutrient inputs

(mostly N and P) from both agricultural and urban run-off [6], and

is dimictic, mixing on average in mid-April and mid-September

while strongly stratifying during the summer. It has a surface area

of 39.98 km2 with a maximum depth of 25.3 m and a mean depth

of 12.8 m. We sampled three locations in 2010 based on their

spatial heterogeneity, depth, and chemical and physical differenc-

es: 1) Deep Hole (DH, 25 m), 2) Green Acres (GA, 18 m), and 3)

University Bay (UB, 5 m) (Map, Figure S1.). The DH location is

the site of the North Temperate Lakes-Long Term Ecological

Research (NTL-LTER; http://lter.limnology.wisc.edu/) program,

which measures physical, chemical, and biological parameters

biweekly throughout the year, and is also the site of a moored

buoy, which collects high-resolution meteorological, temperature,

dissolved oxygen, and pigment data during the ice-off season. Our

spatial survey took place between May 20th and August 31st, 2010,

which encompassed the time between spring and fall mixing

(n = 42 samples total). In 2011, we sampled only the Deep Hole

location in order to increase sampling frequency. Our temporal

survey also covered a longer period of time extending from May

6th to October 7th, 2011.

Field sample collection and processing
At each location, temperature, dissolved oxygen (DO), and pH

were collected at 1 m increments from the surface to the

maximum depth (YSI 556MPS). Photic zone depth was defined

at 1% of photosynthetically active radiation (PAR) as measured

using a PAR sensor (LiCor 192SA). Integrated photic zone

samples were then collected using a weighted 2-inch diameter
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polypropylene tube. Samples for DNA, nutrients, toxins, and

pigment analyses were collected in acid-washed, sterile bottles,

(rinsed three times with in situ water before collection) and stored

on ice until further processing.

Once transported back to the lab, samples were immediately

processed. For dissolved reactive phosphorus (DRP), total

dissolved phosphorus (TDP), total dissolved nitrogen (TDN),

nitrate, and nitrite, 100 mL of water was filtered through a

Whatman glass fiber filter (GF/F) and frozen at 220uC. For TP

and total nitrogen (TN), HCl was added to 100 mL of sample to a

final concentration of 0.1% and stored at 220uC. Ammonium

samples were immediately measured to avoid oxidation during

freezing. Chlorophyll-a and phycocyanin samples were collected

onto GF/F filters and stored in black tubes at 220uC. For

community analysis (DNA), samples were filtered onto 0.2 mm

polyethersulfone membrane filters (Supor-200; Pall Corporation)

and frozen at 220uC until extraction. 20 mL of unfiltered water

was preserved in formalin (3% final concentration) and stored at

room temperature in the dark for microscopy. An additional

50 mL of unfiltered water was stored at 220uC for toxin analysis.

Analytical measurements
DRP was measured by the ascorbic acid-molybdenum blue

method 4500 P E [38]. Ammonium was measured spectrophoto-

metrically [39]. Nitrate and nitrite were measured individually

using high-performance liquid chromatography (HPLC) [40]. TP/

TDP and TN/TDN were digested as previously described [41],

prior to analysis as for DRP and nitrate. For TDN and TN, the

resulting solution was oxidized completely to nitrate and was

measured via HPLC as above. Nitrate, nitrite, and ammonium

were summed and reported as dissolved inorganic nitrogen (DIN).

Phycocyanin was extracted in 20 mM sodium acetate buffer

(pH 5.5) following three freeze-thaw cycles at 220uC and on ice,

respectively. The extract was centrifuged and then measured

spectrophotometrically at 620 nm with correction at 650 nm [42].

Chlorophyll-a (Chl-a) was extracted overnight at 220uC in 90%

acetone and then measured spectrophotometrically with acid

correction [43].

For toxin analysis, whole water samples were lyophilized,

resuspended in 5% acetic acid, separated by solid phase extraction

(SPE; Bond Elut C18 column, Varian), and eluted in 50%

methanol as previously described [44]. Microcystin (MC) variants

of leucine (L), arginine (R), and tyrosine (Y) were detected and

quantified at the Wisconsin State Lab of Hygiene (SLOH) using

electrospray ionization tandem mass spectroscopy (API 3200, MS/

MS) after separation by high-performance liquid chromatography

(HPLC) [45]. We report only MCLR concentrations since MCYR

and MCRR were near the limit of quantification for the sampling

period (0.01 mg L21).

In situ N2 fixation measurements
N2 fixation rates were measured, with some modifications,

following the acetylene reduction assay [46]. A fresh batch of

acetylene was generated each day before sampling by combing 1 g

of calcium carbide (Sigma Aldrich 270296) with 100 mL ddH2O.

Following sample collection, 1 L of water was concentrated by

gentle filtration onto a 47 mm GF/F filter in the field. The filter

was then gently washed into a 25 mL serum bottle using the lake

water filtrate (final volumes 10 mL aqueous, 15 mL gas). Samples

were spiked with 1 mL of acetylene gas and incubated in situ for

two hours. The assay was terminated with 5% final concentration

trichloracetic acid and serum bottles were transported back to the

lab. For each sampling period, rates were controlled and corrected

for using a series of the following incubated acetylene blanks: 1)

1 mL of acetylene in filtrate alone, 2) 1 mL of acetylene in a killed

sample, and 3) 1 mL of acetylene in ddH2O. Ethylene formed was

measured by a gas chromatograph (GC; Shimadzu GC-8A)

equipped with a flame ionization detector (FID), Porapak N

column (80/100 mesh, 1/80OD669), and integrator (Hewlett

Packard 3396) with N2 as the carrier gas (25 mL min21 flow rate).

Molar N2 fixation rates were estimated using a 1:4 ratio of N2 fixed

to ethylene formed [47]. All N2 fixation values are reported as

integrated photic zone rates of mg N L21 hr21.

Physical parameters
The light attenuation coefficient (Kd [m21]) was calculated

using the following equation:

I~I0e{ Kdð Þz ð1Þ

where I is the PAR (mmol s21 m22) at depth, z (m), and I0 is the

PAR at the lake surface. We calculated daily averages for lake

number (LN) using high-resolution buoy data and the Lake

Analyzer program previously described [48].

DNA extraction and processing of PC-IGS fragment
DNA was extracted from frozen filters using a xanthogenate-

phenol-chloroform protocol previously described [49]. For ampli-

fication of the phycocyanin intergenic spacer (PC-IGS) region, we

used primers PCaR (59-CCAGTACCACCAGCAACTAA-39)

and PCbF (59-GGCTGCTTGTTTACGCGACA-39, 6-FAM-

labelled) and PCR conditions that were previously described

[50]. Briefly, each 50 ml reaction mixture contained 5 ml of 106
buffer (Promega, Madison, WI), 2.5 ml of dNTPs (5 mM), 2 ml of

forward and reverse primers (10 mM), 2 ml of template DNA, and

0.5 ml of Taq DNA polymerase (5 U ml21). Following precipitation

with ammonium acetate and isopropanol, the DNA pellet was

resuspended in ddH2O and digested for 2 hrs at 37uC using the

MspI restriction enzyme, BSA, and Buffer B (Promega, Madison,

WI). The digested product was precipitated and then resuspended

in 20 mL of ddH2O. 2 mL of final product was combined with

10 mL of formamide and 0.4 mL of a custom carboxy-x-rhodamine

(ROX) size standard (BioVentures, Inc).

Cyanobacterial PC-IGS community fingerprinting and cell
counts

We analyzed the cyanobacterial community using an automat-

ed phycocyanin intergenic spacer analysis (APISA) similar to the

automated ribosomal intergenic spacer analysis (ARISA) previ-

ously described [51]. Briefly, this cyanobacterial-specific analysis

exploits the variable PC-IGS region of the phycocyanin operon

[50]. Following MspI digestion, the variable lengths of the PC-IGS

fragment can be used to identify subgenus level taxonomic units of

the larger cyanobacterial community [49]. The MspI fragments

were sized using denaturing capillary electrophoresis (ABI 37306l

DNA Analyzer; University of Wisconsin Biotechnology Center

(UWBC)). For each sample, triplicate electropherogram profiles

were analyzed using GeneMarkerH (SoftGenetics) software v 1.5.

In addition, a script developed in the R Statistics Environment was

used to distinguish potential peaks from baseline noise [52,53].

Relative abundance data output from this script were created

using the relative proportion of fluorescence each peak height

contributed per sample. Aligned, overlapping peaks were binned

into subgenus taxonomic units [49]. These taxa were named based

on the genus and base pair length of the PC-IGS fragment

identified (e.g. For Mic215, Mic = Microcystis and 215 = 215 base

pair fragment). Fragment lengths were matched to an in silico

Nitrogen Fixation, Cyanobacteria, and Cyanotoxins

PLOS ONE | www.plosone.org 3 February 2013 | Volume 8 | Issue 2 | e56103



digested database of PC-IGS sequences using the Phylogenetic

Assignment Tool (https://secure.limnology.wisc.edu/trflp/).

The NTL-LTER program collects biweekly phytoplankton

samples between April and September for cell counts and detailed

descriptions of the field and laboratory protocols are available

online at http://lter.limnology.wisc.edu. When indicated, biomass

has been converted to mg L21 using the biovolume calculated

during the cell count process and assuming a density equivalent to

water.

Multivariate analyses of the cyanobacterial community
We analyzed the cyanobacterial community based on the PC-

IGS fragments using a cluster analysis and canonical correspon-

dence analysis (CCA) to identify the temporal patterns and

potential drivers of community change. A similarity matrix was

generated from the relative abundance data using the S17 Bray-

Curtis coefficient [54] using Primer v6 software [55]. From these

data, a hierarchical cluster was created to test community

groupings for succession and spatial dispersion. We grouped our

samples based on three characteristics—by month, by toxic phase,

and by site—to test for differences in the community composition

using analysis of similarity (ANOSIM). The ‘‘toxic phase’’ was

defined as the time MCLR concentrations were above 1 mg L21

(e.g. day 173 to 224 in 2010).

We used CCA to test for explanatory variables within the

cyanobacterial community using CANOCO for Windows soft-

ware version 4.5.1 [56]. Two CCAs were created to determine

whether there was an environmental gradient (e.g. DIN) that

explains community differences and if so, whether this environ-

mental gradient was associated with specific operational taxonom-

ic units (OTUs) that are indicative of overall community toxicity.

No rare species weighting was performed in either of the CCAs,

since all OTUs were present in greater than 10% of our samples

and weighting of rare species often has little influence on the

significance of CCA [57]. When testing the effects of environ-

mental gradients on specific OTUs, only the top ten OTUs,

representing approximately 90% of total fluorescence were

included. All environmental variables were log-transformed.

Results

Lake Mendota experiences strong seasonal trends for temper-

ature, DO, pH, Kd, and TN, TP, DIN, and DRP concentrations

(2010 sites shown in Figure S2) and is dominated by cyanobacteria

during the summer months contributing to 80–97% of the biomass

between June and September (Figure S3). Overall, phycocyanin

increased during the 2010 and 2011 summers, while Chl-a slightly

decreased. However, pigment analyses were highly variable with a

relative standard deviation of up to 25%. A one-way repeated

measures analysis of variance (rm-ANOVA) for the three sites

sampled in 2010—DH, GA, and UB—showed no significant

differences between the major chemical, biological, and physical

parameters measured (Table 1). Therefore, for all downstream

analyses with the exception of community analysis, all three sites

were averaged that year with error bars representing the standard

error of the mean, or the propagation of error for N:P ratios.

In this study, we used the cyanobacteria specific PC-IGS

sequence to describe changes in cyanobacterial taxa, and total

community, throughout the 2010 and 2011 growing seasons. In

total, 100 unique operational taxonomic units (OTUs) were

identified in 65 samples (42 in 2010 and 23 in 2011), but only 50

OTUs were above the limit of quantification (LOQ) for relative

fluorescence (Figure S4). Eight of these could be assigned to a

genus, and at least 5 OTUs were Aphanizomenon or Microcystis

genera. These 5 OTUs accounted for more than half of the total

relative fluorescence in the APISA profiles (a proxy for relative

abundance). While the majority of PC-IGS OTUs could not be

assigned to a genus, probably due to the lack of cultured or

sequenced representatives, Aph680 and Mic215 accounted for

21% and 13% of the total APISA profile fluorescence, respective-

ly, in 2010. In addition, there were two OTUs—Aph/Ana/

Chr690 and Glo/Chr132—with fragment sequences representa-

tive of more than one genus. The Aph/Ana/Chr690 OTU was

included when summing total Aphanizomenon abundance because

Chroococcus and Anabaena spp. are both rare in the NTL-LTER

phytoplankton count records. However, it cannot be determined

at this time if that fragment is definitively Aphanizomenon. In 2011,

Aph680 and Mic215 each represented only 8% of the total relative

fluorescence, while Chr352, Mic660, and Aph/Ana/Chr690

represented 12, 12, and 10%, respectively. Microscopic counts

of phytoplankton from the NTL-LTER program identified 36

species in 2010 with Aphanizomenon and Microcystis accounting for

5.8% (53% by biomass) and 3.9% (21% by biomass) of the total

cell counts, respectively (Figure S4; Table S1). Twenty-one of the

36 taxa accounted for ,1% of the total cell counts. In 2010, there

was a good, but insignificant, relationship between total Aphani-

zomenon PC-IGS data and the NTL-LTER cell counts (R = 0.67;

p = 0.07)(Figure S5). However, there was a significant correlation

between the Microcystis PC-IGS data and the NTL-LTER cell

counts (R = 0.72; p,0.05).

Three large N2 fixation events (i.e. .1 mg N L21 hr21),

presumably driven by Aphanizomenon, which represented

.3163% of relative abundance during those events, were

observed in 2010 (Figure 1). The first major N2 fixation event in

early summer (day 181) was the largest with a rate of

2.0160.35 mg N L21 hr21 with the second and third events (days

224 and 231) measured at 1.7060.29 and

1.2660.01 mg N L21 hr21, respectively, occurring in late sum-

mer. DIN and DRP concentrations dropped quickly following

thermal stratification of the lake and resulted in highly variable

DIN:DRP ratios (by weight) that may suggest short-term N stress

and/or limitation (Figure 1). On days where N2 fixation rates were

high, DIN:DRP ratios were near the Redfield reference ratio of

7.2 N:P (by weight) [58]. In the 3 weeks prior to the first major N2

fixation event DIN:DRP ratios were in excess of 100 N:P.

DIN:DRP ratios increased on day 200 due to a slight increase in

nitrate concentrations, but dropped to below 7.2 on the day of the

second major N2 fixation event.

In 2011, there were six large N2 fixation events with three

occurring in early summer and three in late summer/fall (Figure 1).

Again, the relative abundance of Aphanizomenon was .16610%

percent during those events. Most of the error was attributed to

Aphanizomenon abundance going from 30% to almost 0% during

one day in the early summer. The early summer events—days

180, 186, and 194—were much larger in 2011 than in 2010 with

rates of 3.4560.54, 4.6561.14, and 1.8560.88 mg N L21 hr21,

respectively. Interestingly, DIN:DRP ratios were quite high

(.30:1 by weight) with DIN concentrations of 0.63, 0.46, and

0.31 mg N L21 during the 3 events (Figure 1). DRP concentra-

tions were also higher in 2011, and neither DIN nor DRP

concentrations went to detection in 2011 (Figure 1). Though

DIN:DRP ratios were high in the early summer, they decreased

precipitously throughout the summer down to ,7 (by weight) by

day 236. The second set of N2 fixation events occurred beginning

with day 243, roughly three weeks later than in 2010, and then

ceased on day 280 during the onset of fall mixis.

In 2010, MCLR concentrations increased above the LOQ in

early summer just days after a minor N2 fixation event occurred

Nitrogen Fixation, Cyanobacteria, and Cyanotoxins
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(day 167, Figure 1). MCLR concentrations increased for the next

month, with maximum concentrations occurring in mid-July, and

then dropped back down to below the LOQ by day 224 (thus, we

defined the toxic phase in 2010 to be between days 173–224).

Maximum MCLR concentrations were recorded approximately

20 days after the large early summer N2 fixation event, perhaps as

Microcystis steadily grew over the course of the summer. In total,

there were 5 days when observed MCLR concentrations were

above the World Health Organization (WHO) level for safe

drinking water (1 mg L21) and between the low to moderate risk

for recreational swimming, 4 and 20 mg L21, respectively [59].

There were 13 days in 2011 when MCLR concentrations were

above the WHO level for safe drinking water. However, only two

of those days were significantly above 4 mg L21, both of which

occurred just a few days after the first significant N2 fixation rates

were measured. MCLR concentrations were more variable in

2011, hovering between 1–3 mg L21 for much of the summer,

with the toxic phase occurring between days 180 and 243. Average

Aphanizomenon and Microcystis abundances (as measured by APISA)

alternated during the sampling period with highest Microcystis

abundances during times when MCLR concentrations were

highest and with Aphanizomenon being most abundant during the

spring, early summer, and fall when N2 fixation was occurring. In

2010, Aphanizomenon abundances declined following the first N2

fixation bloom, remained low during Microcystis dominance, and

then increased slightly at the time of the second N2 fixation bloom.

In 2011, Aphanizomenon also declined after the first N2 fixation

bloom, but it appeared several times throughout the summer as

well. In addition, one of the potential Aphanizomenon OTUs,

AphAnaChr690, greatly increased during the second N2 fixation

bloom, though it is uncertain if this OTU is represented entirely by

Aphanizomenon, or perhaps a mix of Anabaena and/or Chroococcus. On

average, for both years, Aphanizomenon abundances were highest

during the pre- and post-toxic phases and Microcystis abundances

were highest during the toxic phase.

To explore the broader community pattern further, we

conducted multivariate statistical analyses with the APISA data,

revealing three distinct temporal groupings—pre-toxic, toxic, and

post-toxic lake phases. Cluster analysis of the similarity matrices

confirmed that all three groupings were significantly different

based on analysis of similarity (ANOSIM; p,0.001) with R

statistics of 0.72, 0.87, and 0.47 for the pre-toxic vs. toxic, pre-

toxic vs. post-toxic, and toxic vs. post-toxic groupings, respectively,

in 2010 (Figure S6). As with the chemical, physical, and biological

variables measured, the three sites sampled—DH, GA, and UB—

were not significantly different based on community composition

(ANOSIM; p.0.8). To assess the relationship between the

community and potential environmental drivers, we performed a

canonical correspondence analysis (CCA) of the independent

variables that may have contributed to the community assemblage

(Figure 2, Table S2). DIN and Kd had the strongest correlations—

r = 0.68 and 20.76, respectively—to the first axis with the DIN

gradient pointing toward June samples and Kd pointing toward

July–August samples. However, interpretation of Kd as a driver of

community composition is confounded by the fact that cyanobac-

teria influence Kd because they are buoyant and shade the water

Table 1. Physical, chemical, and biological parameters measured at 3 Lake Mendota sites.

Parameter 2010 2011

Deep Hole (n = 14) Green Acres (n = 13) University Bay (n = 14) Deep Hole (n = 23)

Mean Range Mean Range Mean Range Mean Range

Photic zone depth (m) 7.10 4.00–12.0 7.00 5.00–12.0 4.80 4.00–5.00 5.70 3.0–10.5

Attenuation coefficient (m21) 0.74 0.34–1.17 0.79 0.38–0.96 0.77 0.45–0.96 0.70 0.55–0.97

Temperature (uC) 21.5 12.4–26.9 21.9 13.8–26.5 22.7 15.7–27.6 22.7 8.9–27.5

Dissolved oxygen (mg L21) 9.40 7.90–11.8 9.3.0 7.50–11.5 9.10 6.40–11.9 8.60 6.20–12.0

Lake number (dimensionless) 2.47 0.04–7.61 4.02 0.27–9.44 0.27 0.01–1.43 NA NA

pH (2log [H+]) 8.30 7.10–9.30 8.3.0 7.40–9.10 8.40 7.60–9.10 NA NA

Total N (mg L21) 0.78 0.51–1.36 0.79 0.53–1.43 0.72 0.54–1.22 1.24 0.86–1.72

Total dissolved N (mg L21) 0.65 0.36–1.07 0.64 0.38–1.05 0.59 0.36–1.01 NA NA

Dissolved organic N (mg L21) 0.39 0.29–0.53 0.42 0.33–0.61 0.40 0.27–0.57 NA NA

Nitrate+nitrite (mg L21) 0.26 0.01–0.63 0.22 0.01–0.65 0.18 BDL-0.67 0.33 0.06–0.91

Total P (mg L21) 0.04 0.02–0.09 0.05 0.02–0.11 0.04 0.02–0.07 0.04 0.02–0.07

Total dissolved P (mg L21) 0.03 0.01–0.07 0.03 0.01–0.08 0.02 0.01–0.07 0.03 0.01–0.06

Dissolved organic P (mg L21) 0.01 0.01–0.02 0.01 0.01–0.02 0.01 BDL-0.03 0.02 BDL-0.04

Soluble reactive P (mg L21) 0.01 BDL-0.06 0.01 BDL-0.06 0.01 BDL-0.06 0.04 BDL-0.05

Chlorophyll-a (mg L21) 6.20 BDL-41.7 3.00 BDL-9.10 7.20 BDL-47.0 32.4 0.80–49.7

Phycocyanin (mg L21) 13.8 1.80–29.5 17.0 3.00–55.3 15.1 2.20–54.2 14.2 3.3–24.9

N2 fixation rate (mg N L21 hr21) 0.90 BDL-2.68 0.60 BDL-1.43 0.68 BDL-3.22 0.8 BDL-4.65

MCLR (mg L21) 0.42 0.01–5.24 1.22 BDL-8.43 1.28 BDL-12.8 2.81 BDL-16.1

MCYR (mg L21) 0.02 BDL-0.04 0.01 BDL-0.03 0.01 BDL-0.03 BDL BDL

MCRR (mg L21) 0.01 BDL-0.06 BDL BDL BDL BDL BDL BDL

All values are represented by integrated photic zone samples collected from May 20th–August 31st, 2010. BLD = below the level of detection. NA = not applicable; was
not measured in 2011.
doi:10.1371/journal.pone.0056103.t001
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column at high densities. The DIN:DRP ratio and DRP were most

correlated to the second axis—r = 0.37 and 20.34, respectively;

however, the DIN:DRP gradient correlated with samples

transitioning from the pre-toxic to the toxic grouping while DRP

correlated with May samples.

Cluster analysis of the 2011 similarity matrices also confirmed

that pre-toxic vs. toxic, pre-toxic vs. post-toxic, and toxic vs. post-

toxic groupings were significantly different based on analysis of

similarity (ANOSIM; p,0.05) with R statistics of 0.39, 0.99, and

0.31, respectively (Figure S7). The CCA pattern was very similar

in 2011 with DIN concentrations having a strong correlation with

the first axis (r = 0.86; Figure 2; Table S4). Temperature also had a

strong correlation with the first axis, r = 20.70 as did TN

(r = 0.84). Again, the DIN:DRP ratio corresponded with the

transition from the pre-toxic to the toxic phase, r = 20.27 with the

second axis, though the relationship was much weaker than in

2010.

We also performed a CCA of the top 10 most abundant OTUs

as drivers of the cyanobacterial community (Figure 2, Table S3).

Aph680 was highly correlated with the first axis (r = 0.70), which

aligned with pre-toxic samples. Mic215 was less correlated with

any of the axes (r = 20.49) but aligned with the middle of the toxic

phase, while Mic506 and Mic660 were more correlated with the

post-toxic phase. Aph700 corresponded with the second axis

(r = 0.46), which is indicative of its presence in both pre-toxic and

post-toxic phases (Figure 2). In 2011, Aph680 and Aph700 were

opposite that of 2010, with Aph700 corresponding to pre-toxic

samples and Aph680 corresponding to post-toxic samples. All Mic

OTUs corresponded to the toxic phase in 2011 (Figure 2, Table

S5). However, Mic215 correlated to the early toxic phase

(r = 20.63) while Mic506 and Mic660 correlated to late summer

samples—r = 20.22 and 20.27, respectively.

The abundances of Aphanizomenon and Microcystis OTUs in

APISA profiles were variable throughout the sampling period,

with Aph680 and Mic215 making up the majority of the 2010

community during most of the spring and summer (Figure 3).

Aph680 comprised approximately 40% of the cyanobacterial

community for most of the pre-toxic phase and then declined the

rest of the year. However, Aph700 abundance peaked in spring

and fall to about 20% of the total community. This trend is also

apparent in the Bray-Curtis similarity matrix (Figure S6) and

OTU-community CCA (Figure 2). Mic215 increased steadily from

pre-toxic to post-toxic phases, approximately 7% to 20%, and then

declined as the summer progressed. However, Mic560 and

Mic660 increased continuously from approximately 0% to 15%

throughout the entire sampling period. Again, this trend is also

seen in the OTU-community CCA (Figure 2) as Mic215 aligned to

the toxic phase and was also significantly correlated to MCLR

concentrations (r = 0.73, p,0.005). In 2011, Aph700 was most

abundant at the beginning of the survey (,20% relative

fluorescence) but was less than 10% of the community the rest

of the year (Figure 3). Aph/Ana/Chr690 made up roughly 40% of

the community in the post-toxic phase. Aph680 and all Mic OTUs

were highly variable throughout the sampling period. No OTUs

correlated with MCLR in 2011, which was also more variable

than in 2010.

Discussion

The current ecological functions of, and environmental

triggers/conditions required for, microcystin production in aquatic

ecosystems are unknown. We have shown that short-term N stress

is important in structuring cyanobacterial communities in a

temperate eutrophic lake. We propose that this N stress may also

act to stimulate microcystin expression in non-N2 fixers such as

Microcystis, which as been shown to occur in culture-based studies

[12]. New N inputs from N2 fixation may then prolong toxic

cyanobacterial blooms throughout the growing season (Figure 4).

In our study, we found that following lake stratification, DIN

concentrations dropped precipitously over a period of three weeks

in both years, which led to large N2 fixation events comprised of

mostly Aphanizomenon. The influx of new N from Aphanizomenon and

their subsequent slowed growth led to Microcystis blooms coinciding

with an increase in MCLR concentrations. In 2010, APISA OTU

Mic215 was significantly correlated to this increase. However, in

2011, no OTUs correlated with MCLR. This may be due to the

relatively high concentrations of both N and P, allowing for both

Microcystis and Aphanizomenon to coexist at times throughout the

summer (Figure 3). In both years, prior to fall mixing, there was a

decrease in Microcystis, MCLR, and DIN that once again led to N2

fixing events. However, the lake quickly transitioned to being

Figure 1. N2 fixation rates, microcystin, N and P concentrations,
and community dynamics in Lake Mendota from 2010 and
2011. A) 2010 average nitrogen fixation rates (mg N L21 hr21) and
microcystin-LR concentrations (mg L21); B) 2010 dissolved inorganic
nitrogen to dissolved reactive phosphorus ratios (DIN:DRP) and total
nitrogen to total phosphorus (TN:TP) ratios by weight. The dashed line
represents the Redfield reference ratio of 7.2 N:P by weight [58]; C)
2010 DIN and DRP concentrations (mg L21); D) 2010 sum of
Aphanizomenon and Microcystis genotypes in relative fluorescence
units; E–H) Same as A–D, but for 2011, respectively. Note the log scale
in panels B and F. The arrows indicate the first day N2 fixation rates
were significantly above the limit of detection. For plots A, C, and D,
the error bars represent the standard error of the mean between the
three sites sampled. For plot E, the error bars represent the standard
deviation of triplicate samples, and in plot B, the error bars represent
the propagation of error for N and P between the three sites sampled.
The grey box indicates the toxic-phase, which is bound by the pre- and
post-toxic phases, where MCLR concentrations were greater than
1 mg L21 (see text for details).
doi:10.1371/journal.pone.0056103.g001
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dominated by other phytoplankton (e.g. diatoms) once water

temperatures dropped and fall mixing occurred. Thus, we

hypothesize that N stress plays an important role in eutrophic

lakes by structuring the cyanobacterial community each summer.

We suggest that N availability may determine the amount of

maximum microcystin production in Lake Mendota. Xu et al [60]

also suggested that N availability was key to the proliferation of

Microcystis in Lake Taihu, China. While Lake Taihu is a shallow

polymictic lake, Lake Mendota is deep and dimictic. Thus, N

inputs from N2 fixation are likely the main source of available N to

surface waters during the summer. Previous research in Lake

Mendota, Wisconsin dating back 90 years support our findings

[61,62,63,64], suggesting that this may be an ideal system for

studying the impact of variable N and P loading, N2 fixation and

new N production, community dynamics, and cyanotoxin

production in eutrophic lakes. However, we note that this is the

first study to report cyanotoxin concentrations in Lake Mendota.

Torrey and Lee [62] estimated that N2 fixation contributed

roughly 7% to the annual TN budget of Lake Mendota. Although

this estimate appears small, viewing N2 fixation in terms of annual

budgets may be misleading, and Torrey and Lee (1976) concluded

that this input was large enough to support summer algal growth.

Similarly, in our study, we proposed that N2-fixation could provide

enough new N to sustain a toxic bloom throughout the summer. In

addition, Gardner and Lee [63] measured amino acid concentra-

tions in Lake Mendota and found that increases in amino acids

were always preceded by Aphanizomenon blooms. While the authors

attributed this to cell senescence, the release of amino acids during

N2 fixation has been observed [33,34].

To corroborate past findings, we estimated the amount of new

N produced from the first N2 fixation blooms to determine

whether they could support Microcystis growth and MCLR

production. The mean N2 fixation rate for June 30th (Day 181)

was 2.0160.35 mg N L21 hr21. Assuming that N2 fixation occurs

only during the day, we multiplied the hourly rate by 14 hours,

which was the period of daylight for that day. We then chose 3

different scenarios, based on cyanobacterial sedimentation and

nutrient uptake rates [65], for the amount of new N that could be

retained in the epilimnion: 1) 100% of N is retained in the

epilimnion due to rapid uptake and low sedimentation rates of

Aphanizomenon, 2) 50% of new N is incorporated into new

cyanobacterial biomass and the rest is exported due to high rates

of Microcystis sedimentation, and 3) 20% of new N is incorporated

into new cyanobacterial biomass due to inefficient uptake and high

sedimentation rates. In 2010, the calculated amount of new N

produced ranged from 4.6–33 mg N L21 d21. The sum of MCLR

produced from Day 181 to Day 208 was 39 mg MCLR L21, which

is equivalent to 5.5 mg N L21 based on the ratio of MCLR:N

(997 g MCLR mol21 to 140 g N mol MCLR21). Given conser-

vative estimates, and based on only this one N2 fixation event, the

amount of new N produced from N2 fixation could be sufficient to

stimulate and/or support MCLR production throughout the

summer. In addition, the maximum Microcystis biomass observed

during this time was 180 mg L21 on day 200 (NTL-LTER; data

Figure 2. Multivariate plots for 2010 and 2011. A) 2010 canonical correspondence analysis (CCA) of potential environmental drivers on the
cyanobacterial community composition assessed using APISA. B) 2010 CCA of the cyanobacterial community composition with the top ten most
abundant genotypes as drivers of the cyanobacterial community. C–D) Same as A and B but for 2011, respectively. Numbers in parentheses represent
the amount of variability explained by those axes.
doi:10.1371/journal.pone.0056103.g002
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not shown). If we assume that N content is roughly 10% of

Microcystis biomass [66], then our new N estimates would also be

sufficient to support some, or all, of the 18 mg N L21 needed for

Microcystis growth. In 2011, the N2 fixation events were much

greater than in 2010, as was the amount of MCLR produced. In

total, 64 mg MCLR L21, equivalent to 9 mg N L21, was measured

over the course of the growing season. Although we do not have

Microcystis biomass estimates for 2011, the two early summer N2

fixation events could have produced between 5.9–56.6 mg N L21

and 7.0–79.8 mg N L21, respectively, which is more than triple

that of 2010. However, the large amount of new N added, possibly

in excess, may have also allowed Aphanizomenon to co-exist to some

extent throughout the summer.

Since 1995, the NTL-LTER program has collected phytoplank-

ton cell counts on Lake Mendota, and in those years, Aphanizomenon

emergence has preceded Microcystis in every single year (data not

shown). Although this may be due to a number of physiological

characteristics (e.g. optimal growth temperature), it does underscore

the role N cycling and N2 fixation may play in stimulating toxic

cyanobacterial blooms, particularly of Microcystis. Following ice-off

and spring mixing, the phytoplankton community is made up

primarily of Bacilliarophyta, Chlorophyta, Chrysophyta, and to a

lesser extent, Cyanophyta (Figure S3). However, cyanobacteria

clearly dominate (e.g. .90% of phytoplankton biomass) between the

months of May and October once surface temperatures increase to

.18uC. In particular, Aphanizomenon abundance peaks before

Microcystis by an average of about one month and then Microcystis

increases until the lake begins to destratify in the fall (Figure 5).

Interestingly, high DIN:DRP ratios correlated more with the N2

fixing Aphanizomenon, and low DIN:DRP ratios, which decreased

steadily throughout the summer, correlated more with the non-N2

fixing Microcystis, while the inverse was true for TN:TP ratios.

Dolman et al. [8] also observed that low N:P ratios did not always

correspond to a higher abundance of N2-fixing cyanobacteria and

warranted that the cyanobacteria should not be treated as a single

group. Our results indicate that the cyanotoxin, MCLR, increased

during an increase in Microcystis abundance when inorganic nitrogen

concentrations were very low (as were DIN:DRP ratios) and TN:TP

ratios were high, but this is only true during the summer. In 2011,

DIN and DRP concentrations never approached detection and

DIN:DRP ratios were very high (e.g. .7.2 by weight) in early

summer, even when N2 fixation occurred. We speculate that this

may be due to the rapid decline in ammonium first, triggering N2

fixation until enough nitrate is reduced intra-cellularly to shut the

process down. Although our ammonium measurements were always

near detection, data from the NTL-LTER suggests that this may be

true at the onset of lake stratification. The higher nitrate

Figure 3. Major genotype time-series from 2010 and 2011 in Lake Mendota. A) Two major Aphanizomenon genotypes and a third, yet to be
distinguished genotype that represents a PC-IGS fragment similar to Aphanizomenon, Anabaena, and Chroococcus. B) Three major Microcystis
genotypes identified. C–D) Same as A and B, but for 2011, respectively. In 2010, Mic215 was significantly correlated to MCLR. However, no genotypes
were significantly correlated to MCLR in 2011. The grey box indicates the toxic-phase, which is bound by the pre- and post-toxic phases, where MCLR
was greater than 1 mg L21 (see text for details). The error bars represent the standard error of the mean between genotypes of the three sites
sampled.
doi:10.1371/journal.pone.0056103.g003

Figure 4. Conceptual diagram of the potential role of nitrogen
stress in Lake Mendota, WI. A decline in dissolved inorganic
nitrogen (DIN) could have two simultaneous effects: 1) stimulate N2

fixation by diazotrophs (e.g. Aphanizomenon) that will lead to new N
inputs into the photic zone and 2) lead to N starvation in non-N2 fixers
(e.g. Microcystis), which may potentially stimulate toxin production. The
new N inputs could then support growth, prolonging toxic blooms of
non-N2 fixers throughout the growing season.
doi:10.1371/journal.pone.0056103.g004
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concentrations may have also allowed Aphanizomenon to become

occasionally abundant throughout the 2011 summer, which wasn’t

apparent in 2010. In both years, though, a second N2 fixing bloom

occurred before fall mixing (Figure 1). However, during fall mixing,

rapid increases in ammonium and decreasing temperatures are likely

to lead the phytoplankton community to shift back to predominantly

diatoms (Figure S3). This corresponded with high DIN and DRP

concentrations but relatively low DIN:DRP ratios, since the injection

of phosphate from the hypolimnion was relatively greater than that

of ammonium plus nitrate. Thus, in the fall, the low DIN:DRP ratio

was a very poor predictor of Microcystis abundance.

Conclusions

We have attempted to link cyanobacterial population dynamics

with ecosystem function changes (e.g. N stress and N2 fixation) in a

temperate, eutrophic lake. More field-scale studies need to be done

connecting the functional/physiological dimensions of N metab-

olism to toxin production in order to assess future water quality

scenarios. Thus, it is imperative that our conceptual view of

eutrophication be more specific if we are to understand the effects

of nutrient loading on more complex changes in phytoplankton

population dynamics, bloom development, and toxin production

[67,68]. Our data suggest that N stress plays a major role in

structuring cyanobacterial communities in Lake Mendota, Wis-

consin—a large, temperate, and dimictic lake. We used an

ecosystem approach measuring important structural and function-

al metrics such as population dynamics, N2 fixation rates, and

microcystin concentrations allowing us to link intra-annual

changes in specific cyanobacterial OTUs. We propose that new

N production supports the growth of the potentially toxic

cyanobacteria, Microcystis, and may be the limiting factor in total

toxin production during the growing season. This phenomenon

may be important in other freshwater systems that have variable N

and P concentrations throughout the growing season.

Supporting Information

Figure S1 Map of Lake Mendota sites sampled during the 2010

field season (in 2011, only the Deep Hole location was sampled).

Maximum depths are displayed in parentheses.

(EPS)

Figure S2 Seasonal trends of major biological, chemical, and

physical parameters measured from May 18th to August 31st,

2010, in Lake Mendota, WI. Solid line = Deep Hole, dashed

line = Green Acres, and dotted line = University Bay locations.

None of the parameters were significantly different between sites (p

values listed).

(EPS)

Figure S3 Major phytoplankton divisions in Lake Mendota, WI,

USA. Average monthly biomass (mg L21) for the four major

divisions of phytoplankton as measured by the North Temperate

Lakes-Long Term Ecological Research program from 1995–2010.

Diatoms usually dominate in Spring (.80% abundance) and in

fall (.50% abundance), while cyanobacteria clearly dominate

during the summer (.90% abundance). Biomass is converted

from biovolume measurements made during the cell count process

assuming cells are equivalent to the density of water.

(EPS)

Figure S4 Rank abundance curves for DNA fingerprinting and

cell counts from Lake Mendota, 2010. A) Over 100 operational

taxonomic units (OTUs) were detected by amplifying the

cyanobacteria specific phycocyanin intergenic spacer (PC-IGS)

region, but only 50 were above the limit of quantification based on

relative fluorescence units. The top ten genotypes accounted for

88% of the total abundance in Lake Mendota in 2010. Aph680

and Mic215 were the most abundant and represented 21% and

13% of the total fluorescence, respectively. B) Cell count data from

the North Temperate Lakes-Long Term Ecological Research

(NTL-LTER) program. Taxa from 36 different species were

present in 2010 (Listed in Table S2). The top ten most abundant

accounted for 96% of total abundance. Aphanizomenon flos-aquae

and Microcystis aeruginosa represented 5.8% (53% by biomass) and

3.9% (21% by biomass) of the total cells, respectively.

(EPS)

Figure S5 Comparison of Lake Mendota PC-IGS fragments and

cyanobacterial cell counts collected from the Deep Hole location

in 2010. Aphanizomenon PC-IGS fragments (blue-green line) and cell

counts (blue-green circles) were well correlated (R = 0.68) but

insignificantly (p = 0.07). However, Microcystis PC-IGS fragments

(red line) and cell counts (red squares) were significantly correlated

(R = 0.72; p = 0.04).

(EPS)

Figure 5. Monthly values from the North Temperate Lakes-
Long Term Ecological Research program (1995–2010). A)
Temperature (uC) profile from 0–24 m depth (averaged across years),
with the gray boxes indicating the average ice-on dates, B) DIN:DRP and
TN:TP ratios by weight, for each year. The dashed line represents the
Redfield reference ratio of 7.2 N:P by weight [58], C) Total Aphanizomenon
and Microcystis abundances averaged across years (cells mL21), D) 2010
DIN from the North Temperature Lakes-Long Term Ecological Research
(NTL-LTER) program (mg L21), 2010 DIN from this study (mg L21), and
2010 MCLR concentrations (mg L21) from this study.
doi:10.1371/journal.pone.0056103.g005
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Figure S6 Hierarchical cluster analysis of the Bray-Curtis

similarity matrix generated from all samples collected in 2010

(n = 42). Analysis of similarity (ANOSIM) between sites showed no

significant differences (R = 20.039, 20.043, 20.065 for DH/GA,

DH/UB, and GA/UB groups, respectively; p.0.8). However,

community groupings based on pre-toxic (closed triangle), toxic

(open circles), and post-toxic (closed squares) phases were significantly

different (R = 0.723, 0.868, and 0.486 for pre-toxic/toxic, pre-/post-

toxic, and toxic/post-toxic groupings, respectively; p,0.001).

(EPS)

Figure S7 Hierarchical cluster analysis of the Bray-Curtis

similarity matrix generated from all samples collected in 2011

(n = 23). Community groupings based on pre-toxic (closed

triangle), toxic (open circles), and post-toxic (closed squares)

phases were significantly different (R = 0.386 (p = 0.006), 0.990

(p = 0.018) and 0.305 (p = 0.04) for pre-toxic/toxic, pre-/post-

toxic, and toxic/post-toxic groupings, respectively).

(EPS)

Table S1 List of all 36 cyanobacterial taxa identified in 2010 by

cell counts. All data are from the North Temperate Lakes-Long

Term Ecological Research (NTL-LTER) program and are

available online at http://lter.limnology.wisc.edu.

(EPS)

Table S2 2010 results of canonical correspondence analysis

(CCA) with environmental variables as drivers of the cyanobacter-

ial community. All values are significant (p,0.001) based on a

Monte-Carlo simulation test of 1000 permutations.

(EPS)

Table S3 2010 results of canonical correspondence analysis

(CCA) with cyanobacterial genotypes as drivers of the cyanobac-

terial community. All values are significant (p,0.001) based on a

Monte-Carlo simulation test of 1000 permutations.

(EPS)

Table S4 2011 results of canonical correspondence analysis

(CCA) with environmental variables as drivers of the cyanobacter-

ial community. All values are significant (p,0.001) based on a

Monte-Carlo simulation test of 1000 permutations.

(EPS)

Table S5 2011 results of canonical correspondence analysis

(CCA) with cyanobacterial genotypes as drivers of the cyanobac-

terial community. All values are significant (p,0.001) based on a

Monte-Carlo simulation test of 1000 permutations.

(EPS)
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