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Communicated by Robert Michael McKay
Lake Erie western basin (WB) cyanobacterial blooms are a yearly summer occurrence; however, blooms have
also been reported in the offshore waters of the central basin (CB), and very little is known about what drives
these blooms or their potential for cyanobacterial toxins. Cyanobacteria Index was quantified using MODIS and
MERIS data for the CB between 2003 and 2017, and water samples were collected between 2013 and 2017.
The goalswere to 1) quantify cyanobacteria, 2) determine environmental drivers of CB blooms, and 3) determine
the potential for cyanobacterial toxins in the CB. Dolichospermum (Anabaena) occurred in the CB during July be-
fore the onset of the WB bloom, and then in August and September, the cyanobacteria community shifted to-
wards Microcystis. The largest Dolichospermum blooms (2003, 2012, 2013, and 2015) were associated with
reduced water clarity (Secchi disk depth b 4 m), whereas large CBMicrocystis blooms (2011 and 2015) were as-
sociated with large WB blooms. Dolichospermum blooms occurred in high nitrate concentrations (N20 μmol/L)
and high nitrogen-to‑phosphorus ratios (N100), which indicate nutrient concentrations or ratios did not select
for Dolichospermum. Additionally, the sxtA gene, but not mcyE or microcystins, were detected in the CB during
July 2016 and 2017. The mcyE gene and microcystins were detected in the CB during August 2016 and 2017.
The results indicate the CB's potential for cyanotoxins shifts from saxitoxins tomicrocystins throughout the sum-
mer. Continued monitoring of cyanobacteria and multiple cyanobacterial toxins is recommended to ensure safe
drinking water for CB coastal communities.

© 2019 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
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Introduction

Lake Erie (USA and Canada) underwent eutrophication during the
mid-1900s as a consequence of excessive nutrient loading (Chapra
and Robertson, 1977). Total phytoplankton biomass increased through-
out the 20th century, and cyanobacterial blooms were an annual
summer occurrence (Davis, 1964; Snodgrass, 1987). To combat eutro-
phication, the governments of Canada and USA enacted the Great
Lakes Water Quality Agreement (GLWQA) which required phosphorus
(P) load reductions (Matisoff and Ciborowski, 2005). The water quality
of Lake Erie rapidly improved due to these regulations, resulting in
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decreased total P concentrations (DePinto et al., 1986), lower phyto-
plankton and cyanobacterial biomass (Makarewicz, 1993), higher
hypolimnetic dissolved oxygen concentrations and fewer fish kills
(Ludsin et al., 2001). However, since the mid-1990s, Lake Erie has
once again experienced eutrophication (Conroy et al., 2005; Kane
et al., 2014; Scavia et al., 2014; Watson et al., 2016).

Lake Erie, Earth's 15th largest lake by volume (489 km3) and 10th by
surface area (25,700 km2), is regarded to have three basins with differ-
ent bathymetry, chemical, and biological characteristics (Bolsenga and
Herdendorf, 1993; Herdendorf, 1982). The western basin accounts for
about 10% of the lake's surface area, is the shallowest basin (average
depth of 8m), has thewarmestwater temperatures during the summer,
and usually does not thermally stratify (Bridgeman et al., 2006). Fur-
thermore, thewestern basin has been designated impaired by the states
of Michigan and Ohio due to annual cyanobacterial blooms (Davis et al.,
2019). The central basin has an average depth of 22m and hasmeso- to
oligotrophic status. A thin hypolimnion (b5 m) forms every summer
that is prone to anoxic conditions by mid to late-summer (Scavia
.V. All rights reserved.
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et al., 2014; Zhou et al., 2013). The eastern basin has the coolest sum-
mertime temperature, is the deepest area of the lake, and has the least
amount of offshore phytoplankton.

Cyanobacterial blooms in Lake Erie's western basin are capable of
producing high concentrations of microcystins, which are a group of
N100 similar toxins produced by a large number of cyanobacterial gen-
era (Gobler et al., 2016). In August 2014, a “do not drink” advisory was
issued for the city of Toledo, Ohio becausemicrocystinswere detected in
drinking water at levels above the World Health Organization's guide-
line of 1 μg/L (Qian et al., 2015; Steffen et al., 2017). The non‑nitrogen
(N) fixing generaMicrocystis dominates the blooms, and the annual bio-
mass of cyanobacteria in the western basin is highly correlated with
springtime total bioavailable phosphorus (P) loading from theMaumee
River, which allows for seasonal forecasts of bloom severity (Stumpf
et al., 2016). However, Lake Erie is not only prone toMicrocystis blooms
in the western basin. Sandusky Bay has dense blooms of filamentous,
non-N-fixing, Planktothrix every year, and bloom biomass is not corre-
lated with nutrient loading (Conroy et al., 2017; Davis et al., 2015). Ad-
ditionally, Lyngbya wollei is a filamentous benthic cyanobacterium that
grows attached to the sediments in the nearshore zones of the western
basin and can accumulate in high biomasses along the lake shore
(Bridgeman and Penamon, 2010). Cyanobacterial blooms in the central
basin are also often detected by satellites, and Wynne and Stumpf
(2015) showed that satellite-detectable cyanobacterial biomasses
were present about 20% of the time in the offshore waters between
July 1 and July 20 for years 2002–2014. Additionally, large blooms of
Microcystis in the western basin (e.g., 2011 and 2015) can be spread
via water currents into the central basin in late summer (Chaffin et al.,
2014). Information about the central basin phytoplankton community
assemblages is currently restricted to monitoring cruises conducted by
US EPA in April and August (Reavie et al., 2014). These data show an in-
crease of cyanobacteria biovolume in Augusts between 2001 and 2011
(Reavie et al., 2014); however, the US EPA cruises miss the July blooms
detected by satellites. Additionally, Scavia et al. (2014) reported an in-
crease of total phytoplankton biomass, total P concentrations, decreased
water transparency, and an increase in the areal extent of hypoxia (DO
b2.0 mg/L) between 1996 and 2011 in the central basin, indicating re-
eutrophication of the basin.

While excess P loading has been a known driver of eutrophication
and cyanobacterial blooms (Schindler, 1977), there are other important
factors. Nitrogen (N) has been shown to constrain cyanobacterial bio-
mass, and many researchers have called for dual nutrient management
(P and N) to mitigate eutrophication and blooms (Conley et al., 2009;
Lewis and Wurtsbaugh, 2008); however, there is continued debate
over dual nutrient management (Paerl et al., 2016b; Schindler et al.,
2016). The non-N-fixing cyanobacterium Microcystis can persist in low
Nwaters due to its highly competitive nature for ammonium that is re-
generated from the decomposition of organic matter (Blomqvist et al.,
1994; Paerl et al., 2011). Diazotrophic (N-fixing) cyanobacteria, such
as Dolichospermum (formally, Anabaena) and Aphanizomenon, are fa-
vored in N-poor, P-rich waters due to their ability to use atmospheric
dinitrogen gas (Smith, 1983), although several exceptions to this gener-
ality have been noted (Paerl and Otten, 2016). Nitrate assimilation and
N-fixation are dependent on iron (Fe) andmolybdenum (Mo) cofactors
(Flores and Herrero, 2005). Large colony-forming cyanobacteria have a
competitive advantage over eukaryotic phytoplankton in waters with
low Fe availability due to their ability to use Fe-scavenging siderophores
to access reduced Fe2+ in anoxic bottom waters (Molot et al., 2014;
Sorichetti et al., 2016; Verschoor et al., 2017). Buoyancy regulation of
surface scum-forming cyanobacteria (i.e., Microcystis, Dolichospermum,
Aphanizomenon) provides a competitive advantage over negatively or
neutrally buoyant eukaryotic phytoplankton in light-limited waters
(Huisman et al., 2004; Reynolds et al., 1987). Cyanobacteria have higher
optimum growth temperatures than eukaryotic phytoplankton, and
warm waters may select for cyanobacteria (Paerl et al., 2016a; Paerl
and Huisman, 2008). Because the central basin of Lake Erie has lower
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nutrient (P and N) concentrations than thewestern basin, it is expected
that these other environmental factors have a role in early summer
cyanobacterial blooms of the central basin (Fig. 1).

The purpose of this research was to: 1) identify and quantify the
early summer central basin cyanobacterial blooms, 2) determine likely
environmental drivers of the central basin blooms including nutrient
concentrations, water temperature, water clarity, and hypolimnetic
DO concentrations, and 3) determine potential for cyanobacterial toxins
(microcystins, saxitoxins, and cylindrospermospins) of the blooms.
While western basin Microcystis blooms have been documented to
spread into the central basin in late summer (September and October;
Chaffin et al., 2014), the primary focus of this study was the central
basin blooms that occur during early summer (June and July).

Methods

Satellite data

MEdium Resolution Imaging Spectrometer (MERIS) L2 data for the
years 2003–2011 and Moderate Resolution Imaging Spectroradiometer
(MODIS) Aqua L2B data for the years 2012–2017, with a nominal 1 ×
1 km pixel resolution, were downloaded fromNASA ocean color website.
Both time series were restricted to June through September each year to
focus only on the early summer (June and July) bloom and a subsequent
equivalent amount of time in late summer (August and September). Data
were processed using NOAA's satellite automated processing system
(SAPS), which incorporates l2gen available in NASA's SeaDAS 7.1. Images
are projected to UTMprojectionwith nearest neighbor interpolationwith
the l2gen Rayleigh corrected reflectance (ρs) product as the primary out-
put. Clouds and mixed pixels affected by land adjacency were detected
and flagged following the methods in Stumpf et al. (2012).

Cyanobacterial algorithm

For MERIS, Cyanobacteria Index (CI) was calculated using a spectral
shape (SS) of ρs around 681 nm, which relates to chlorophyll (chl) a ab-
sorption in cyanobacteria at 681 nm (Wynne et al., 2008). Apparent re-
flectance generated from fluorescence by eukaryotes at 681 nm
obscures the non-cyanobacterial chl a pigment absorption signal,
which helps CI to discriminate cyanobacteria from eukaryotes effec-
tively. In addition, a spectral shape using 620, 665, and 681 nm was
used to identify the presence of phycocyanin (Lunetta et al., 2015),
which is a characteristic photo-pigment in cyanobacteria, and a positive
value of the spectral shape indicated the presence of phycocyanin. For
the MODIS dataset, the spectral shape was adjusted using available
667, 678, and 748 nm MODIS bands for detection of cyanobacteria
(Wynne et al., 2013; Wynne and Stumpf, 2015). Finally, the mean CI
of the central basin for each MERIS and MODIS image was calculated
for the entire time series (2003–2017) using GDAL (GDAL/OGR
contributors, 2018). A few left out land-contaminated mixed pixels er-
roneously affected mean CI values as the central basin mean CI is very
low. In order to avoid themixed pixels and nearshore localized blooms,
a 5 km inward buffer from the shoreline was used to extract basin scale
zonal means for each available date in the entire time series.

Sample collection & handling methods

Data and water sample collection occurred at 4 locations within the
central basin (Fig. 1) beginning in summer 2013, with the primary focus
of collecting water profiles of dissolved oxygen (DO) and nutrient con-
centration. In 2014, we began collecting phytoplankton at each site, in
addition to DO and nutrients, and then sample frequency was increased
during 2016 and 2017. Additionally, we collected “event” based samples
when cyanobacterial blooms were reported (by NOAA HAB Bulletins,
local agencies, or local media) in areas of the central basin both outside
of our sampling locations orwhen blooms occurredwhen samplingwas
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Fig. 1.Map of sample locations in the central basin of Lake Erie. The four fixed-sample locations are represented by black circles and the bloom event samples are black stars.
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not scheduled. Sampling conducted within the sampling area was col-
lected aboard the R/V Erie Monitor or R/V Gibraltar III, whereas event-
based samples outside of the areawere collected from smallmotorboats
owned by local agencies or groups.

Upon arriving on station location, the anchorwas deployed and time
and date of sample, site depth, weather conditions, Secchi disk depth,
and GPS coordinates were recorded. Vertical profiles of DO (mg/L) and
water temperature (°C) were recorded at 0.5-m intervals throughout
the water column to within 15 cm of the lake bottom with a Yellow
Springs Instruments (YSI) multiprobe sonde 6600v2 in years
2013–2015 and with a YSI EXOv2 in 2016 and 2017. All sample bottles
used in this research were acid washed (1.2 N HCl and rinsed with de-
ionized water) before sample collection. Immediately before sample
collection, sample bottles and water collection equipment were triple
rinsed with lake surface water. Epilimnetic water samples were col-
lected with an 8-m-long integrated tube sampler and deposited into a
clean, lake-rinsed 18.9-L bucket (Golnick et al., 2016), which was re-
peated 5 times per station and the water pooled together. The YSI tem-
perature profile confirmed that the hypolimnion was below 8 m from
the surface. Water intended for chl a analysis was poured into a 2-L
dark polyethylene bottle. Water intended for total phosphorus (TP)
and total Kjeldahl nitrogen (TKN) analysis was poured into separate
250 mL bottles. Water for phytoplankton enumeration was poured
into 0.5-L or 1.0-L glass bottles, preserved with Lugol's solution (1%),
and kept dark.Water for dissolved nutrient (nitrate, nitrite, ammonium,
dissolved reactive P, and silicate) analysis was filtered upon collection
with a 0.45-μm membrane syringe filter. The syringe was rinsed 3
times with surfacewater and the 60-mL polyethylene bottle was rinsed
3 timeswith 10–15mL of filtered sample (unfiltered lakewaterwas not
used as a rinse). Water for total microcystins concentration was poured
into 40-mL amber glass vials. All samples were held on ice while in
transport back to the laboratory. The above sample collection methods
were conducted every year of the study.
Please cite this article as: J.D. Chaffin, S.Mishra, D.D. Kane, et al., Cyanobacte
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Additional water samples were collected in 2016 and 2017. Ametal-
free 4-L vertical Kemmerer sampler was used to sample water from
1.5 m depth, and the samples were field filtered with a 0.45 μm mem-
brane syringe filter for analysis of total dissolved Fe and Mo. To deter-
mine the potential cyanotoxins of the central basin blooms, water
from the integrated sampler was used to fill 1-L polyethylene
terephthalate-glycol (PETG) bottles for analysis of total cyanobacteria
gene copies and cyanotoxin genes (microcystins, saxitoxins, and
cylindrospermopsins). Finally, to determine if the onset of anoxia (DO
b 0.1mg/L) and sediment-released nutrients correlatedwith bloom for-
mation, on one date in 2016 and all dates in 2017, hypolimnion water
samples were collected with the Kemmerer 0.5 m above the lake bot-
tom for total and dissolved nutrient and total dissolved Fe and Mo. All
sampleswere held on ice until processing occurred. Table 1 summarizes
the parameters that were tested for each year.

Upon arriving back to the laboratory, all nutrient and total
microcystins samples were stored at −20 °C until analysis. Plankton
from the 2-L bottle were filtered (500 to 1000 mL) on to a GF/F filter,
noting the volumefiltered, and stored at−80 °C on silica gel for analysis
of chl a concentration. The Lugol's preserved phytoplankton samples
were poured into a 1-L graduated cylinder, the exact volume was re-
corded, and allowed to settle for 2 days in the dark. After 2 days, the
sample was siphoned down to ~50 mL, poured into 50 mL graduated
cylinder to resettle for 2 days, siphoned down to 15 mL; and then the
sample stored in an amber glass vial. Water (100 to 500mL) for genetic
analysis of the cyanobacteria was filtered onto 2.0 μmpolycarbonate fil-
ters and stored at−80 °C in 2 mL microfuge tube.

Laboratory analysis

Table 1 summarizes the analyticalmethods used for each parameter.
Chl a fromGF/F filters was extracted with dimethyl sulfoxide and quan-
tified via spectrophotometry (Golnick et al., 2016; Wellburn, 1994). A
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Table 1
Parameters analyzed, the methods used, method detection limits and units, and the years in which the data was collected. The abbreviations are defined in the text.

Parameter Analytical method MDL and units 2013 2014 2015 2016 2017

Chl a Filter extracted Golnick et al., 2016 0.5 μg/L Partly Yes Yes Yes Yes
TP Unfiltered EPA 365.3 0.05 μM Yes Yes Yes Yes Yes
TKN Unfiltered EPA 351.2 1.44 μM No Yes Yes Yes Yes
Nitrate Filtered EPA 353.1 0.17 μM Yes Yes Yes Yes Yes
Nitrite Filtered EPA 354.1 0.04 μM Yes Yes Yes Yes Yes
Ammonium Filtered EPA 350.1 0.55 μM Yes Yes Yes Yes Yes
DRP Filtered EPA 365.1 0.04 μM Yes Yes Yes Yes Yes
Silicate Filtered SEAL 027–04 0.48 μM Yes Yes Yes Yes Yes
Total microcystins Unfiltered Abraxis ELISA 0.10 μg/L Yes Yes Yes Yes Yes
Phytoplankton Unfiltered FlowCam NA Yes Yes Yes Yes Yes
TDFe Filtered ICP-MS 5.0 nM No No No Yes Yes
Cyanobacteria 16S rRNA Filter extracted qPCR 1–5 gene copies/mL No No No Yes Yes
mcyE, sxtA, cyrA Filter extracted qPCR 1–5 gene copies/mL No No No Yes Yes
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continuous segmented flow auto-analyzer (QuAAtro SEAL Analytical
Inc., Mequon,WI) was used to quantify nitrate, nitrite, ammonium, dis-
solved reactive P, and silicate using standard U.S. EPA methods
(Table 1). Seven known concentration standard solutions (including
0) were used for the standard curve (R2 N 0.999), and every-tenth sam-
plewas spikedwith a known amount of analyte to ensure high accuracy
and precision throughout the analysis (N95% recovery). Total P (TP)was
determined with unfiltered water following a sulfuric acid/persulfate
digestion and autoclaved at 121 °C for 45 min. Total Kjeldahl N (TKN)
was determined on the unfiltered water with a sulfuric acid/copper sul-
fate digestionwith a block digester for 60min at 180 °C then 120min at
380 °C. Total P and TKN were then quantified on the SEAL QuAAtro an-
alyzer. Total Nwas calculated as the sumof TKN, nitrate, and nitrite, and
the TN to TP (TN: TP) ratio was calculated by dividing TN by TP. Total
dissolved Fe andMo samples were prepared at 2.0% nitric acid for anal-
ysis in ICP-MS (Xseries 2, Thermo Scientific, MA, USA). For quantitative
analysis, standards and internal standards were prepared by using the
certified ICP-MS standards from Inorganic Ventures. Correlation coeffi-
cients for calibration curves were above 0.999. ICP-MS was conducted
at the Center for Metals at the University of Toledo.

Phytoplankton from the Lugol's concentrated samples were identi-
fied and quantified with a FlowCAM (Fluid Imaging Technologies, Inc.)
following the methods listed by Chaffin et al. (2018). FlowCAM areal
measurements were used as surrogates for cell counts. Cyanobacteria
biovolume was calculated from FlowCAM areal measurement (Chaffin
et al., 2018).

To determine total microcystins, the samples were subjected to 3
freeze/thaw cycles,filteredwith GMF (0.45 μmpore size) to remove cel-
lular debris, and quantified using enzyme-linked immunosorbent assay
(ELISA) (Abraxis #520011). The method detection limit for total
microcystins was 0.10 μg/L. According to the manufacturer's guidelines,
themicrocystins ELISA has good cross-reactivitywith various congeners
of microcystins.

Multiplex quantitative PCR (qPCR)was used to quantify gene copies
of the 16s rRNA gene, which is an indicator of total cyanobacteria, and
themcyE, sxtA, and cyrA genes, which are required formicrocystins, sax-
itoxins, and cylindrospermopsins production, respectively (Al-Tebrineh
et al., 2012). Phytoxigene™ CyanoDTec cyanobacteria-specific primers
were used, rather than genera or species-specific primers, in order to
provide insights into potential bloom toxins without concern for
which cyanobacteria genera would be responsible for toxins. qPCR
was conducted at the Northeast Ohio Regional Sewer District following
methods and cycles listed in the Ohio EPAmethod 705.0. Method detec-
tion limits ranged from 1 to 5 gene copies/mL depending on the volume
of water filtered.

Data analysis

The satellite CI datawas handled similarly as Stumpf et al. (2012). All
pixels with detected CI in each daily cloud-free image were averaged to
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estimate the basin-wide mean cyanobacteria biomass. The highest
basin-wide CI average over 10-day time frames (first of each month to
the 10th day, 11–20, and 21 to 30 or 31) was selected to estimate
cyanobacterial biomass for each time frame. Then, the CIs of the six
time frames in June and July were summed together and the six time
frames in August and September were summed to quantify early sum-
mer and late summer blooms separately.

Because we were more interested in the early summer
cyanobacterial blooms, the physical and chemical data collected be-
tween 1 June and 31 July was subject to a 2-factor ANOVA with site
and year as factors to determine if thedata could explain bloompatterns
among the 5-year study.

Results

Satellite data

MERIS andMODIS detected varying levels of cyanobacterial biomass
in the central basin during June and July every summer since 2003
(Figs. 2 and 3). 2013 had the largest peak in biomass, whereas 2008
and 2017 had the lowest peak biomass. The peak biomass for each
year occurred during a three-week window between 27 June and 20
July (Fig. 2A). 2013 and 2015 had greatest cumulative June and July bio-
mass (Fig. 2B). There was no apparent temporal pattern of cumulative
June and July biomass.

During August and September 2003 to 2007 had very low cumula-
tive cyanobacterial biomass, but cumulative biomass has increased
since 2008 (Fig. 2B). August and September of 2011 and 2015 had the
highest cumulative biomass, which were summers with large western
basin Microcystis blooms (Stumpf et al., 2016). In the earlier years, the
June and July cumulative biomass exceeded biomass in August and Sep-
tember, but that pattern has reversed in the more recent years.

Phytoplankton community and biomass

Dolichospermum (formally Anabaena) was the dominant
cyanobacterial genera in the central basin each year since 2013 in June
and July, with the greatest Dolichospermum biovolume during July
(Figs. 4 and 5), and several Dolichospermum species were identified, in-
cluding D. lemmermannii, D. circinale, and D. planctonicum (quantifica-
tion was carried out at the genus level). The highest biovolumes of
Dolichospermum were found during the bloom event samples collected
in 2013. Biovolumes of Dolichospermum were lower during August and
September, or Dolichospermum was not detected. Therefore, the peaks
of CI since 2013 in June and July corresponded toDolichospermum dom-
inance. One surface scum sample collected by a local fisherman off of
Avon Lake, Ohio during July 2007 was identified as Dolichospermum
(Chaffin, personal observation).

Microcystis and Aphanacapsa were the dominant cyanobacteria in
August and September; however, due to difficulties in differentiating
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Fig. 2. (A) Time series of central basin cyanobacterial index (CI) average for years
2003–2017, and (B) the cumulative sum of the six 10-day time frames during 1 June to
31 July and 1 August to 31 September.
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someMicrocystis colonies from Aphanacapsa colonies in the Lugol's pre-
served samples using the FlowCAM, both genera were grouped into
Microcystis for this report (as in Reavie et al., 2014). Microcystis was in
low biovolumes or not present during June and July, and reached its
highest biovolumes in August and September. Peaks of CI since 2013
in August and September corresponded to Microcystis dominance.

Less abundant cyanobacterial genera were also present. Planktonic
Lyngbya was present in late July, August, and September of 2016 and
2017 (Fig. 5). Planktothrix was also present in most samples but at
lower biovolumes, and the highest biovolumes of Planktothrix were re-
corded during the bloom event samples collected in 2013 (Fig. 4). Other
cyanobacterial genera including Aphanizomenon, Merismopedia,
Woronichinia, and Snowella were present, but their biovolumes made
up b1% of the total cyanobacteria biovolume and not included in the
figures.

The overall phytoplankton community of the central basin was very
diverse (Fig. 4). The chain-forming diatom Fragilaria crotonensis and
chrysophyte Dinobryonwere common in most samples. Cryptomonads
and several genera of green algae were also present. Chl a concentra-
tions ranged from 0.64 μg/L to 15.28 μg/L during June and July and the
chl a range increased to 2.86 to 28.08 μg/L for August and September
(Electronic Supplementary Material (ESM) Fig. S1).

Cyanobacterial toxins

Microcystins were only detected on one date during the June and
July (15 July 2013) period at concentrations of 1.71 and 1.18 μg/L on
an event-based sampling trip (ESM Fig. S2), and both Dolichospermum
and Planktothrix were present on that date (Fig. 4). Microcystins were
detected in August and September of 2014, 2015, and 2016 when
Microcystis was present. Total microcystins concentrations ranged
from below detectable levels (b0.1 μg/L) to 2.1 μg/L with the highest
concentrations measured in August 2015.

Cyanotoxin gene copies detected by qPCR are presented in Fig. 6. The
mcyE gene was only detected on two of the nine July 2016 samples
(both 5 copies/mL) and just one July 2017 sample (148 copies/mL)
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(Fig. 6b). The gene mcyE was detected in two of the three August 2016
samples (578 and 715 copies/mL) and in all three August 2017 samples
(13 to 134 copies/mL). The sxtA gene was detected in all nine July 2016
samples (range 1 to 304 gene copies/mL) and three of the nine July 2017
samples (range 19 to 64 copies/mL) (Fig. 6c), but sxtAwas not detected
in August of either year (3 samples in August of each year). The
cylindrospermopsin gene, cyrA, was not detected in any sample.

Physical and chemical properties

Surface water temperature did not significantly differ (p = 0.679)
among years and sites. In general, at all locations and during every sum-
mer, surface water temperature increased throughout June and July,
reached warmest temperatures in late July or early August, and then
began to decrease (Fig. 7, top row). Water temperatures measured
just above the sediments (15 cm above sediments) were 5 °C to 17 °C
colder than surface water, which indicates stratification, and bottom
temperatures increased throughout summer (Fig. 7, top row). Mixing
events (as indicated by same surface and bottom temperatures) fre-
quently occurred during 2013 at site SOFF, 2015 at sites E and SOFF,
and during late July and August in 2017. The deeper sites, Avon and Lo-
rain, had significantly (p b 0.001) cooler bottom water temperatures
than the shallower sites, E and SOFF.

Dissolved oxygen measured just above the sediments ranged from
b0.1mg/L to 8.86mg/L (Fig. 7,middle row), and therewas no significant
difference among sites and years (p=0.307). Hypolimnion DO concen-
trations decreased throughout summer, but there were notable in-
stances when DO levels increased as the result of mixing.

Secchi disk depths ranged from 0.96 to 10.40 m (Fig. 7 bottom row),
and there were significant differences in the Secchi disk depth among
years (p b 0.001) and among sites (p b 0.001; no interaction p =
0.440). The average Secchi disk depths in 2013 and 2015 were lower
than years 2014, 2016, and 2017, and the average Secchi disk depth in-
creased from west to east.

Epilimnetic nitrate concentrations ranged from 6.42 to 54.68 μmol/L
(Fig. 8 top row) and significantly differed among sites (p = 0.026) and
years (p b 0.001). Nitrate concentrations decreased west to east, but no
apparent pattern was recognizable over the years. Nitrate concentra-
tions displayed a seasonal pattern every year with the highest concen-
trations recorded in late June, which then decreased throughout the
summer season. Total phosphorus concentrations ranged from 0.085
to 0.670 μmol/L (Fig. 8, second row), and did not significantly (p =
0.057) differ among years and sites. Total nitrogen concentrations
ranged from 24.6 to 81.9 μmol/L (not shown) and differed significantly
among sites (p=0.016) but not among years. Similar to nitrate concen-
tration, total nitrogen concentration decreased west to east. The TN: TP
ratio ranged from59.0 to 640.7 (molar ratio) and did not significantly (p
= 0.077) differ among years and sites. TN: TP followed the same sea-
sonal pattern as nitrate concentration. Finally, silicate concentrations
ranged from 0.86 to 24.60 μmol/L (Fig. 8, bottom row) and significantly
differed among years (p b 0.001) but not by sites (p = 0.121). Silicate
concentrations were extremely variable in 2013, 2014, and 2015,
whereas, in 2016 and 2017 silicate concentrations followed the same
temporal pattern at all sites. Epilimnion ammonium and DRP were
below detectable concentrations in all samples.

Total dissolved Fe in the epilimnionwas below detection (b5 nM) in
all 2016 and 2017 samples. The sampleswere also analyzed for total dis-
solved Mo, but Mo was detected in field blanks at concentrations above
the method detection limit. Therefore, Mo data was rendered invalid
due to potential contamination.

Hypolimnetic total dissolved Fe concentrations at sites Avon and Lo-
rain on 2016 August 26 were 10.45 and 8.52 μmol/L, respectively (ESM
Fig. S4), and the water was anoxic (DO was b0.1 mg/L). However, total
dissolved Fe concentrations at Site E and SOFF on the same day were
below detection, and DO was 0.4 mg/L. Likewise, the anoxic sites had
DRP concentrations N2 μmol/L and ammonium N10 μmol/L, whereas
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Fig. 3.Maximum cyanobacterial index in central basin during June and July 2003–2017.
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Fig. 4. Phytoplanktonbiomass at site Avon 2014–2017 and during a bloomevent sample on 2013 July 15. Biomasswas determinedby a FlowCAM in theunits of areal baseddiameter (ABD,
μm2/mL). TheMicrocystis category also includesAphanocapsadue to difficulty in differentiating colonies in Lugol's preserved samples. The relationship between colony area and biovolume
could not be determined for all taxa, hence, the data is presented as area per mL.
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the oxic sites had DRP less than method detection limit and lower am-
monium concentrations.

Total dissolved Fe and DRPwere below detection in all hypolimnion
samples in 2017 (ESMFig. S4). Hypolimnion ammonium concentrations
ranged from below detection to 11.02 μmol/L, and most samples had
ammonium concentrations N2 μmol/L. Total P concentrationswere sim-
ilar between hypolimnion and epilimnion.

Discussion

Central basin cyanobacteria community composition

Cyanobacterial bloomswere present in the central basin of Lake Erie
every year since 2003 at varying biomasses (Fig. 2). Field sampling from
2013 to 2017 identified Dolichospermum as the dominant cyanobacte-
rium in the central basin during June and July. Peaks in CI were present
every year between 27 June and 20 July (except 2008), which is before
the onset of the western basin Microcystis blooms. While the June and
July blooms 2003–2012 cannot be identified due to lack of samples,
one surface sample collected by a local fisherman in July 2007 offshore
of Avon Lake, Ohio was identified as Dolichospermum (Chaffin, personal
Fig. 5.Average cyanobacteria biovolume (μm3/mL) (±1 S.E.) at 4 fixed-location sample sites in t
the Fairport Harbor bloom on 2016 July 13. TheMicrocystis category also includes Aphanocapsa
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observation). Taken together, these results indicate that the July central
basin blooms occurred independently of thewestern basin blooms. Fur-
thermore, the CI (Fig. 3) and chl a concentrations (ESM Fig. S1) during
the July Dolichospermum blooms in the central basin were much lower
than concentrations reported for the western basin and Sandusky Bay,
(Chaffin et al., 2013; Davis et al., 2015), which indicates lower
cyanobacterial biomass in the central basin.

Microcystiswas responsible for cyanobacterial blooms in the central
basin in August and September. The years 2011 and 2015 had the larg-
est cumulative cyanobacterial biomasses, and these years also had the
two largest western basin Microcystis blooms in recent history
(Stumpf et al., 2016) indicating that large western basin blooms spread
eastward to the central basin. Molecular tracking of the 2011 bloom
confirmed that the central basin Microcystis community structure dur-
ing September and October was similar to the Microcystis community
structure of the western basin during July and August (Chaffin et al.,
2014). However, 2013 and 2017 also had large western basin blooms,
but those blooms remained in the western basin.

The two largest Dolichospermum blooms occurred in the past five
years, and there has been an increase ofMicrocystis biomass in the cen-
tral basin during the last ten years. These results provide further
he central basin during 2016 and2017. The stars indicate samples thatwere collected from
due to difficulty in differentiating colonies in Lugol's preserved samples.

rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Fig. 6.Total cyanobacterial 16S rRNA (A),mcyE (B), and sxtA (C) gene copiesmeasured at 3
fixed sites (bars) and event-based locations (stars). ND = not detected.
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evidence of the degradingwater quality of Lake Erie and that the symp-
toms of eutrophication observed in the western basin are now also oc-
curring in the central basin, as suggested in Kane et al. (2015, 2014).

Environmental drivers of the Dolichospermum blooms

Water temperature is a primary regulatory factor in the formation of
cyanobacterial blooms, and warmer temperatures favor cyanobacteria
(Paerl et al., 2016a; Paerl and Huisman, 2008; Visser et al., 2016). Central
basin surface water temperatures ranged from 16.0 °C to 25.8 °C during
the June–July periods in this study (Fig. 7) and did not significantly differ
among years.Water temperatures in June and early July (16–22 °C) align
more closely with the optimal growth temperatures reported for several
species of Dolichospermum (Zapomělová et al., 2010), and Capelli et al.
(2017) suggested that Dolichospermum lemmermannii can adapt to tem-
perature variations. Also, the early July temperatures were not high
enough to inhibit eukaryotic phytoplankton growth (Paerl et al.,
2016a), hence the highly diverse phytoplankton community (Fig. 4).
Whereas, the water temperatures in August (upper 20s°C) align more
closely with Microcystis optimal growth temperatures (O'Neil et al.,
2012; Paerl and Otten, 2016). The increase in water temperature
throughout summer could, at least in part, explain the Dolichospermum
to Microcystis succession pattern. However, allelopathic interactions
Please cite this article as: J.D. Chaffin, S.Mishra, D.D. Kane, et al., Cyanobacte
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betweenDolichospermum andMicrocystis could also play a role in the suc-
cessionpattern observed in the central basin, becauseMicrocystis reduced
Dolichospermum growth in culture experiments (Chia et al., 2018).

The water temperature data during the five years of sample collec-
tion did not differ among year and site, which suggests temperature
did not impact the size of the Dolichospermum blooms. However, the
average water temperature in the central basin increased by an average
of 0.037 °C/year between 1983 and 2002 (Burns et al., 2005). If that rate
of warming has been consistent, the central basin would have warmed
by 1.3 °C between 1983 and 2018, but more significant warming could
have occurred if the warming rate has accelerated since 2002. The
multi-decadal warming may have factored into the current
cyanobacterial blooms in the central basin, and continued warming
could lead to more massive blooms or a shift to higher dominance by
Microcystis.

Hypoxic and anoxic waters and the subsequent release of DRP and
reduced Fe is a mechanism that can support cyanobacterial blooms
(Funkey et al., 2014; Molot et al., 2014; Verschoor et al., 2017). Lake
Erie's central basin has been long known to develop a summertime an-
oxic hypolimnion (Bertram, 1993; Charlton, 1980; Rosa and Burns,
1987), and the areal extent of the anoxic zone has increased since the
mid-1990s (Scavia et al., 2014; Zhou et al., 2013). The July blooms of
Dolichospermum occurred when the basin was thermally stratified;
however, there was no relationship between the timing of bloom for-
mation and hypolimnion DO concentration measured at the time of
sampling. For example, during the peak of Dolichospermum biovolume
in summers 2013 and 2015 the hypolimnion DO concentrations were
1.2 and 7.5mg/L, respectively. Additionally, continuous data loggers de-
ployed near site Lorain throughout 2017 indicated that surface
cyanobacterial biomass was not associated with the onset of hypoxia
(ESM Fig. S3) and that hypolimnion DRP and total dissolved Fe were
below detection throughout 2017 (ESM Fig. S4). Furthermore, it has
been documented that the anoxic area reaches its largest areal extent
in August or September (Zhou et al., 2013). Therefore, because
Dolichospermum blooms occurred before wide-spread central basin an-
oxia, it is unlikely that Dolichospermum benefited from anoxic waters;
however, it is unknown if transient boundary layer dissolved oxygen
dynamics could play a role due to high sediment oxygen demand
(0.75 g O2/m2/d; Rucinski et al., 2014). Contrary to Dolichospermum,
central basinMicrocystis blooms reached highest biomass in September
and may have benefited from the anoxic waters.

The competition for light among phytoplankton can shape commu-
nities because negatively buoyant phytoplankton sink out of the photic
zone and positively buoyant cyanobacteria aremore competitive for nu-
trients in calm, light-limited waters (Huisman et al., 2004; Reynolds
et al., 1987). The largest cumulative central basin blooms of June and
July 2013 and 2015 corresponded with shallower Secchi disk depths
(June–July averages 3.8 and 3.3 m, respectively) than the smaller
bloom years of 2014, 2016, and 2017 (annual average 5.9, 6.7, and
5.9 m, respectively). Additionally, the second largest blooms June and
July of 2003 and 2012 were associated with less than average Secchi
disk depths (Binding et al., 2015). While phytoplankton biomass con-
tributes to Secchi disk depth, Burns et al. (2005) suggested the variation
ofwater clarity in the central basinwas not explained by chl a or TP con-
centrations but wasmore associated with sediment loading from tribu-
taries. Therefore, light-limitation, due to sediment loading, can be a
driver of higher biomasses of the positively buoyant Dolichospermum
in the central basin.

Cyanobacterial blooms are most often associated with eutrophica-
tion due to excessive nutrient (P and N) concentrations (Reynolds,
2006); additionally, diazotrophic cyanobacteria are typically associated
with waters low in N and high P (i.e., low TN: TP ratios; Smith, 1983). In
the central basin, however, Dolichospermum blooms were present in
July when nitrate concentrations and TN: TP ratios were relatively
high (nitrate N 20 μmol/L; TN: TP N 100 by moles) compared to August
and September (nitrate b 10 μmol/L; Fig. 8). The presence of
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Fig. 7.Water temperature (°C) (top row), hypolimnion dissolved oxygen concentration (mg/L) (middle row), and Secchi disk depth (m) (bottom row)measured at 4fixed sites (lines) and
at event-based locations (stars). In the temperature graph, the lines with symbols represent the temperature measured at 1 m and lines without symbols represent the temperature
measured just above the lake bottom. Note that not all sites were sampled in 2013, 2014, and 2015.
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Dolichospermum in high N, low P waters is counterintuitive with the
general tenet that diazotrophic cyanobacteria are selected for in low
N, high P waters (Paerl and Otten, 2016). Nitrate assimilation requires
Fe (Flores and Herrero, 2005; Havens et al., 2012); low availability of
Fe in the presence of nitrate and the absence of ammonium can lead
to a de facto N-limitation because the nitrate is unavailable for assimila-
tion. Fe limitation has been documented in the eastern basin of Lake Erie
(North et al., 2007; Twiss et al., 2000) and Lake Superior (Sterner et al.,
2004).

Ammonium concentrations were below detection throughout the
summer in the epilimnion, but high ammonium concentrations did
occur in the hypolimnion (ESM Fig. S4). Buoyancy regulation by
Dolichospermum would provide access to ammonium in the hypolim-
nion (Brookes et al., 1999) because the maximum floating and sinking
rates for Dolichospermum have been reported to range from 0.40 m/h
to 2.01 m/h (Brookes et al., 1999; Reynolds et al., 1987; Walsby et al.,
1991), which converts to 4.8 m to 24 m over a 12-h period. The central
basin hypolimnion would only be accessible to the Dolichospermum
migrating at the upper half of that reported range. However,
Dolichospermum would not need to migrate through the entire water
column because it would lose buoyancy in little as 2.9 h when exposed
to light intensities of just 135 μmol photons/m2/s (Kinsman et al., 1991).
Moreover, Walsby et al. (1991) showed Dolichospermum could with-
stand pressures at a depth equivalent to 40m (which exceeds themax-
imum depth of the central basin). These combined results indicate that
central basin Dolichospermum would be capable of accessing ammo-
nium from the hypolimnion.

Recently, theoretical models linked cyanobacteria dominance to Fe
availability (Molot et al., 2014; Orihel et al., 2015; Verschoor et al.,
2017). In low nutrient lakes, large colonial cyanobacteria made up a
higher percentage of the phytoplankton community when the total dis-
solved Fe concentration was b0.1 μmol/L (Sorichetti et al., 2014), due to
their ability to produce siderophores that aid in Fe-scavenging
(Sorichetti et al., 2016). Thus, cyanobacteria are less limited by Fe than
their eukaryotic counterparts and are more primed to use a pulse of nu-
trients (Sorichetti et al., 2014, 2016), but lose this advantage in waters
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with adequate levels of Fe concentration. Indeed, total dissolved Fe con-
centrations were below detection (b5 nM) in all surface water samples
collected during 2016 and 2017. Additionally, cyanobacteria dominance
has been linked to reduced Fe (ferrous Fe2+) because cyanobacteria can
migrate down to anoxic waters (Molot et al., 2014; Orihel et al., 2015;
Verschoor et al., 2017). While this model has merit for lakes that de-
velop an anoxic hypolimnion, it does not explain the Dolichospermum
blooms in Lake Erie that occur before the onset of hypoxia.

Cyanotoxins in the central basin

Detections of microcystins in early summer (July) only occurred
during the bloom-based event sampling in 2013, which also
corresponded to the presence of Planktothrix. Detections ofmicrocystins
in late summer (August and September) were associated with
Microcystis. Microcystins and mcyE were not detected when
Dolichospermumwas the only colony-forming cyanobacteriumdetected
in the central basin. These results agree with previous research by
Ouellette et al. (2006) that showed only Microcystis and Planktothrix
were responsible for the production of microcystins in Lake Erie. Al-
though microcystins are often associated with Dolichospermum blooms
in other bodies of water (Li et al., 2016), there have been other
Dolichospermum populations found to be incapable of microcystins syn-
thesis (Capelli et al., 2017; Salmaso et al., 2015). Additionally, when
Microcystis was present in the central basin in August and September,
the concentrations of microcystins (b2 μg/L) were much lower than
those reported in the western basin and Sandusky Bay, which are dom-
inated by and have much greater biomasses of Microcystis and
Planktothrix, respectively. Higher concentrations of microcystins could
be expected in the central basin if greater biomasses of toxin-
producing Microcystis were transported from the western basin. How-
ever, one should not assume a proportional relationship between
cyanobacterial biomass and cyanotoxin concentration (Gobler et al.,
2016).

The co-occurrence of the sxtA gene and a known saxitoxin-
producing cyanobacterium, Dolichospermum (Li et al., 2016), suggests
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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Fig. 8.Nitrate concentrations (μmol/L) (top row), total phosphorus concentrations (μmol/L) (second row), themolar ratio of total nitrogen to total phosphorus concentration (third row)
and silicate concentration (μmol/L) (bottom row) measured at 4 fixed sites (lines) and at event-based locations (stars). Note that not all sites were sampled in 2013, 2014, and 2015.
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the possibility that saxitoxins could be present in the central basin of
Lake Erie during June and July. A survey of Australian lakes with
Dolichospermum presence reported a positive correlation between sxtA
gene copies and saxitoxins concentrations measured by high-pressure
liquid chromatography (HPLC) and that saxitoxins were not detectable
until sxtA exceeded 7610 copies/mL (Al-Tebrineh et al., 2010), a sxtA
level that is an order of magnitude greater than sxtA measured in the
central basin. Another recent study measured similar levels of sxtA in
LakeOkeechobee (Florida, USA) during 2016 as the central basin and re-
ported that saxitoxins were not detected by an ELISA method, but sug-
gested that low levels of saxitoxins could have been detected if more
advancedmethods were used (Kramer et al., 2018). While the numbers
of sxtA copies we report for the central basin were lower than that re-
ported by studies above, it is important to point out that our samples
were integrated throughout the upper 8 m of the water column. It is
likely that Dolichospermum surface scums would have a much higher
number of sxtA gene copies and the potential to detect saxitoxins
would be greater. Future studies are warranted that measure saxitoxins
concentrations and that investigate environmental factors associated
with saxitoxins production in the central basin of Lake Erie.

Several Ohio municipalities along the Lake Erie shoreline use the cen-
tral basin as a source of drinkingwater. Ohio EPA requires drinkingwater
treatment plants (throughout the state) to analyze their intake lakewater
weekly for microcystins and biweekly or monthly (based on the fre-
quency of detections) for cyanotoxins genes. The results presented here
suggest that the required monitoring for cyanotoxins by central basin
water treatment plants is a valuable practice. Additionally, because
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Dolichospermum is a known anatoxin-a producer, investigations to deter-
mine anatoxin-a risk to Ohio lakeshore communities are warranted.

To compare the central basin cyanotoxin gene results to other bodies
of water in Ohio, the Ohio EPA dataset was accessed for sxtA and mcyE
gene copy data from every drinking water treatment plant in Ohio for
years 2016 and 2017 (Ohio E.P.A., 2018). A total of 5111 sample were
analyzed during 2016 and 2017. The sxtA andmcyE geneswere detected
in 6.7% and 12.7% of all samples, respectively, and furthermore, among
the Ohio EPA detections, 81.2% and 70.6% of the samples had a higher
number of sxtA andmcyE gene copies than the highest level of gene cop-
ies detected the central basin (304 and 715/mL, respectively; Fig. 6). Ad-
ditionally, many of the Ohio EPA samples had gene copies thatwere 2 to
3 orders of magnitude greater than the central basin. These results indi-
cate that sxtA andmcyE in the offshorewaters of Lake Erie's central basin
are low when compared to other lakes of Ohio. However, the offshore
blooms can wash ashore and concentrate on beaches, which happened
at Fairport Harbor in July 2016 (and triggered an event sampling).

Mitigation of central basin blooms

Eutrophication of Lake Erie in the mid-1900s was reversed by reduc-
ing P loading into the lake primarily via point source regulation enacted
following the Great Lakes Water Quality Agreement (GLWQA) in 1972
(DePinto et al., 1986). Since the mid-1990s, however, the lake is again
experiencing re-eutrophication (Kane et al., 2015; Matisoff and
Ciborowski, 2005; Steffen et al., 2014), and the GLWQA was updated in
2012 to address the western basin Microcystis blooms, central basin
rial blooms in the central basin of Lake Erie: Potentials for cyanotoxins
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hypoxia, and eastern basin Cladophora. The Annex 4 committee of the
2012 GLWQA set P load reduction targets of 40% (Scavia et al., 2016).
One can ask the question:Will the P load reduction alsomitigate the cen-
tral basin blooms? Because the presence ofDolichospermum in the central
basin andother relatively nutrient-poorwaters (Callieri et al., 2014; Carey
et al., 2008; Salmaso et al., 2015;Winter et al., 2014) could be the result of
an interaction of several environmental factors (as discussed above), it re-
mains unclear how P load reductions will affect Dolichospermum during
early summer. Conversely, late summer central basinMicrocystis blooms
are an extension of thewestern basin bloom. Therefore, because P load re-
ductionwill reduceMicrocystis biomass in thewestern basin (Scavia et al.,
2016), P load reduction will also reduce central basins Microcystis bio-
mass. Additionally, dual nutrient (P and N) management has been sug-
gested as a required means to control eutrophication (Conley et al.,
2009; Paerl et al., 2016b) and specifically for the western basin of Lake
Erie and Sandusky Bay (Gobler et al., 2016). It is unclear how a P-only ap-
proach versus a dual nutrient approach will affect the central basin
Dolichospermum blooms. Finally, because larger biomasses of
Dolichospermumwere observed in summers with reduced water clarity,
lake managers should consider minimizing sediment loads into the cen-
tral basin in addition to nutrient load reduction.

Conclusion

Dolichospermum blooms occurred in the central basin of Lake Erie
before the onset of the western basin Microcystis blooms indicating
that separate environmental factors affect the central basin bloom dy-
namics. It is likely that an interaction between temperature, low bio-
availabilities of Fe and N, and light-limited waters selected for
Dolichospermum (over other cyanobacteria) in July and then selected
for Microcystis in August and September. Larger Dolichospermum
bloom years were associated with reduced water clarity, and therefore,
mitigation strategies should incorporate erosion control and sediment
load reductions. The sxtA genewas presentwhenDolichospermum dom-
inated the cyanobacterial community, and future research is needed to
determine if Dolichospermum blooms are producing saxitoxins in the
central basin. To ensure public safety, it is recommended that coastal
central basin communities continue to monitor for the sxtA and mcyE
genes. Finally, the more recent years (since 2011), Lake Erie's central
basin has had the largest early summer (Dolichospermum) and late sum-
mer (Microcystis) cyanobacterial blooms, indicating that eutrophication
and cyanobacterial blooms are not just a western basin problem.
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