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A B S T R A C T   

Cyanobacterial blooms in the western basin of Lake Erie have been well studied with a focus on planktonic 
Microcystis and the cyanotoxin microcystin, but recent research has shown that blooms are not entirely Micro
cystis. Previous studies have documented other taxa in blooms capable of producing other cyanotoxins. 
Furthermore, benthic cyanobacteria have historically been overlooked in Lake Erie. Saxitoxin is a cyanotoxin of 
emerging concern in freshwater, and the sxtA gene which encodes its production has been found in the Maumee 
River and central basin of Lake Erie. Collectively, these points indicated that saxitoxin-producing cyanobacteria 
may also occur in the western basin. We utilized three sources of data to determine the spatial and temporal 
distribution of potential saxitoxin-producing cyanobacteria in the water column (years 2018–2022) and 
deployed nutrient diffusing substrata (NDS) to determine the impact of nutrients, depth, and season on potential- 
STX producing benthic cyanobacteria (years 2018 & 2019). The water column datasets showed that “hotspots” of 
sxtA lasted only a few weeks. sxtA gene copies per mL did not correlate with Dolichospermum or Aphanizomenon 
biovolume, which have been associated with sxtA elsewhere. In the NDS, saxitoxin (ng/cm2) and cyanobacteria 
chlorophyll were inversely correlated with the highest saxitoxin in September and at the deeper depth, whereas 
cyanobacteria chlorophyll was highest during June and at the shallower depth. This research suggests continued 
monitoring is needed to determine drivers of saxitoxin in the western basin, and we recommend that future Lake 
Erie cyanobacteria research should not solely focus on microcystins and planktonic blooms.   

1. Introduction 

Due to excessive nutrient loading and a warming climate, cyano
bacterial harmful algal blooms (cHABs) events are a global issue that 
often leads to hypoxic zones, cyanotoxin production, disrupted food 
webs, and negative impacts on local economies (O’Neil et al., 2012; 
Paerl et al., 2016a). Lake Erie, the shallowest and most productive of the 
Laurentian Great Lakes, is widely known for significant cHABs, espe
cially in the western basin (Michalak et al., 2013; Rinta-Kanto et al., 
2009; Steffen et al., 2017). While microcystin (MC)-producing Micro
cystis often dominates the cyanobacterial community in Lake Erie’s 
western basin blooms, other toxin-producing cyanobacteria such as 
Dolichospermum, Pseudanabaena, Planktothrix, and Aphanizomenon have 
been detected (Berry et al., 2017; Christensen and Khan, 2020; Janko
wiak et al., 2019). Although MCs are considered the most widespread 

cyanotoxin globally and in Lake Erie (Harke et al., 2016), saxitoxins 
(STXs) are becoming increasingly observed and can be produced by 
other cyanobacteria known to be found in freshwater systems (Chris
tensen and Khan, 2020; Li et al., 2016; Loftin et al., 2016). Saxitoxins, 
which include saxitoxin and 57 documented STXs analogs (also referred 
to as paralytic shellfish toxins), are potent neurotoxins and found in both 
marine and freshwater systems (Llewellyn et al., 2001; Wiese et al., 
2010). In Ohio, one of the biosynthetic genes responsible for STX pro
duction, called sxtA, has been reported in the offshore waters of Lake 
Erie’s central basin (Chaffin et al., 2019), the Maumee River (Laiveling 
et al., 2022), and in the Ohio EPA’s public water systems database 
(https://epa.ohio.gov/divisions-and-offices/drinking-and-ground-wa
ters/public-water-systems/harmful-algal-blooms). These reports of sxtA 
imply that the management’s focus on MC production and concentration 
may be an oversight. Helping to understand which waters are prone to 
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STX production would aid managers in protecting human health. 
While planktonic Microcystis blooms have received much of the 

research and management focus in Lake Erie, benthic cyanobacterial 
blooms have also been documented (Bridgeman and Penamon, 2010). 
The filamentous benthic cyanobacterium Microseira wollei (formerly 
Lyngbya wollei) is common in Lake Erie (Bridgeman and Penamon, 2010) 
and known to produce multiple STXs (Smith et al., 2019), but, there are 
many other benthic cyanobacteria taxa capable of producing STXs 
(Pokrzywinski et al., 2021; Wood et al., 2020). Research on benthic 
primary production has received much less attention compared to 
planktonic (Burford et al., 2020; Cantonati and Lowe, 2014). It is well 
known that light intensity, substrate type, and physical forces (currents, 
waves) are major factors constraining benthic algal biomass (Vade
boncoeur et al., 2008, 2006). Overall, there is a lack of understanding of 
the benthic cyanobacteria and their STX production potential in Lake 
Erie. 

The overall objective of our study was to understand the prevalence 
of sxtA and STX in the planktonic and benthic habitats of western Lake 
Erie. Our specific objectives were to: 1) determine the spatial and tem
poral distribution of sxtA and STX in the water column, 2) determine 
how enrichments of phosphorus (P) and three forms of nitrogen (N) 
(nitrate, ammonium, and urea) affect sxtA and STX production in the 
water column, and 3) investigate how seasonality, depth, and nutrients 
affect the colonization and growth of STX-producing benthic cyano
bacteria at one study location on Lake Erie at Put-in-Bay, Ohio. We 
approached these objectives across five bloom seasons (May to October 
during 2018–2022) that involved routine water sample collection and 
two separate in-situ experimental designs, which all took place congru
ently across two bloom years (May to October during 2018 and 2019). 
We use the term “saxitoxin” (STX) in this paper to reference STX (Ballot 
et al., 2016; Llewellyn et al., 2001) instead of paralytic shellfish toxins 
(PSTs) because saxitoxin is the parent molecule of PSTs, and the ELISA 
method has high cross-reactivity only with STX and the cross-reactivity 
with other STX congeners and other PSTs (guanotoxins and lyngbya
toxins) ranges from less than 0.2 % to 29 % (Gold Standard Diagnostics, 
2022). 

2. Methods and materials 

2.1. Water column sample collection and analysis 

We utilized three data sources to determine the spatial and temporal 
distribution of sxtA in the water column of Lake Erie’s western basin. 
First, we collected water samples in the open water of Lake Erie at three 
long-term monitoring locations during 2018 and 2019. Secondly, we 
accessed the Ohio EPA’s sxtA dataset for public water systems (PWS) in 
the western basin. Thirdly, we utilized the HABs Grab sample set to give 
a high spatial resolution across the entire western basin. Each data set is 
described in detail below. 

For the first dataset at three open water sites (MB18, WB83, GIW; 
Fig. 1), we collected data throughout the summers of 2018 and 2019 at 
weekly to biweekly intervals. Upon the research vessel arrival at the 
station, the anchor was deployed, and we recorded water temperature, 
pH, turbidity (FTU), and Specific Conductivity (µS/cm) with a YSI EXO2 
sonde. We collected grab samples with integrated tube samplers (0–2 m 
at MB18, 0–8 m at WB83 and GIW; Fig. 1) (Golnick et al., 2016). Sample 
water from the sampler was deposited into a clean 20-L bucket and then 
poured into 250-mL polyethylene terephthalate glycol (PETG) bottle 
(for total nutrient concentration), a 500-mL PETG bottle (for DNA), and 
a dark 2-L polycarbonate bottle for chlorophyll a. We also filtered ~ 50 
mL of water with a 0.45 µm filter into a 60-mL PETG bottle for analysis 
of dissolved nutrients. All bottles were stored in a dark ice chest while 
transported back to the laboratory. Upon arriving at the laboratory 
(between 2 and 4 h after sample collection), we filtered samples for DNA 
and chlorophyll and placed the nutrient samples in a freezer at −20 ◦C. 

For measurements of the sxtA gene, we filtered the sample (0.025– 

0.5 L) onto a Versapor acrylic copolymer 1.2 µm pore, 25 mm diameter 
disk filters, following the procedures in Laiveling et al. (2022). All 
samples were held at −80 ◦C until after the 2019 field season. We 
extracted DNA and quantified sxtA gene copies with the PhytoxigeneTM 

CyanoDTec qPCR kits (https://www.phytoxigene.com/products, as lis
ted in Laiveling et al. (2022). The assay limit of quantification is 25 
copies/reaction at a 95 % CI. The PhytoxigeneTM CyanoDTec qPCR kits 
are multiplexed for simultaneous quantification of the sxtA, mcyE, and 
cyrA genes, but we focused on sxtA for this study. Every sample was 
analyzed in duplicate. 

Total P (TP) and total Kjeldahl N (TKN) concentrations were 
measured in the unfiltered water stored in the 250-mL bottle. Concen
trations of nitrate, nitrite, ammonium, and dissolved reactive P (DRP) 
were measured on the filtered water stored in the 60-mL bottle. Total N 
concentration was calculated at the sum of nitrate, nitrite, and TKN. All 
analyses were conducted on a SEAL Analytical QuAAtro (Mequon, WI) 
segmented flow auto-analyzer following standard methods (Chaffin 
et al., 2021). 

Plankton (50 to 500 mL, depending on biomass) was captured on 
WhatmanTM GFF glass fiber filter (GF/F; 0.7 μm nominal pore size) to 
analyze chlorophyll a concentration. The filters were stored on silica gel 
in mini-Petri dishes at −80 ◦C until analysis. We followed the dimethyl 
sulfoxide extraction and quantification method (Golnick et al., 2016). 
We also used a FluoroProbe (bbe Moldaenke, GmbH) with a benchtop 
cuvette reader to determine chlorophyll a associated with cyanobac
teria. The filter-extracted chlorophyll a concentration was used to 
normalize the FluoroProbe (Chaffin et al., 2021). FluoroProbe mea
surements were recorded upon returning to the laboratory and after the 
samples reached room temperature. Finally, we preserved a 100 mL 
sample with 1 % formalin for planktonic cyanobacteria identification 
and quantification. We used a FlowCam (model 8410, Yokogawa Fluid 
Imaging Technologies) to quantify planktonic cyanobacteria in the 
formalin-preserved sample in auto-image mode at 100X magnification. 
Image collection stopped after 8000 individual particles were imaged. 
Images were classified using a library in Visual Spreadsheet (#5.7.19) 
and then manually checked and reclassified as needed. The biovolume 
shape for each taxon was used following that of Hrycik et al. (2019). The 
particle average biovolume (µm3/particle) was then multiplied by par
ticles/mL to calculate biovolume per mL (µm3/mL). 

We accessed the Ohio EPA’s sxtA dataset for PWSs located in Lake 
Erie’s Western Basin for our second data source (https://epa.ohio.gov/ 
divisions-and-offices/drinking-and-ground-waters/public-water-sys
tems/harmful-algal-blooms). The PWS are required to collect samples 
(minimum 200 mL) biweekly from their raw water source tap to screen 
for total cyanobacteria (16S) and three cyanotoxin genes (sxtA, mcyE, 
and cyrA). The PWS water samples were chilled on ice and transported 
to an Ohio EPA-certified laboratory, where they were processed and 

Fig. 1. Location of grab samples collected in Lake Erie during 2018 and 2019 
(crosses), public water systems source water intake (circles), and incubation 
experiment (squares). The incubation location at Put-in-Bay on South Bass Is
land was used for both the nutrient diffusing substrate and the WB83 water 
column experiments. The contour lines are 5 m and 10 m depth. See Table 1 for 
intake abbreviations full name. 
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analyzed by the Ohio EPA DES qPCR Multi-Plex Molecular Method 
705.0 Version 1 (Ohio E.P.A., 2018). Gene copies are reported to Ohio 
EPA. The reporting limit is 180 gene copies per mL. We downloaded 
PWS data from the Ohio EPA database for years 2019–2022. We omitted 
2018 data due to an error in the Phytoxigene kit in which the sxtA 
fluorescence probe was incorrectly linked to the cyrA gene, which 
resulted in all non-detects during 2018 (unpublished data). 

The third water column sample set was from the HABs Grabs con
ducted on 9 August 2018 and 7 August 2019 (Chaffin et al., 2021). The 
HABs Grab sample events gave a high spatial resolution snapshot of 
cyanobacteria in the western basin. One hundred samples were collected 
in U.S.A designated waters in 2018, and 172 samples were collected in 
the entire basin in 2019. All samples were collected with a two-meter- 
long tube sampler, the water was quickly deposited into a clean 20-L 
bucket, and then poured into 2.4L PETG bottles (Chaffin et al., 2021). 
The water samples were held in an ice chest and transported back to the 
laboratory. Once at the laboratory, sample filtering began immediately 
following the same methods listed above. The sxtA gene was quantified 
with the Phytoxigene kits, following the methods stated above. We also 
tested for STX in 39 selected samples from the 2019 HABs Grab with a 
range of sxtA gene copies. Water (20 mL) from the PETG bottle was 
poured into 60-mL amber glass vials and placed in the freezer, then the 
samples were subjected to three freeze–thaw cycles to lyse the cells 
(Ohio EPA, 2016). After the third thaw, the cellular debris was removed 
from a 2-mL subsample by filtration with a GMF (0.45 µm) syringe filter 
and deposited into a 4-mL glass vial, and then the Eurofin Abraxis (now 
named Gold Standard Diagnostics) STX preservative (#53001L) was 
added. We used Eurofins Abraxis enzyme-linked immunosorbent assay 
(ELISA) kits to quantify STX (#52255B) on the Eurofins Abraxis auto
mated ELISA instrument CAAS Cube (#475006). 

2.2. Water column experiments 

We determined the effects of P and N enrichment on sxtA and STX 
production with water collected from sites MB18 and WB83. Initially, 
the purpose of these experiments was to quantify microcystin and mcyE 
production in the western basin (Chaffin et al., 2022), but because the 
Phytoxigene kits are multiplexed (Al-Tebrineh et al., 2012), we analyzed 
the sxtA data for this project. The complete experimental design can be 
found in Chaffin et al. (2022). Briefly, we collected surface water (40 L) 
twice a month from sites MB18 and WB83. The lake water was poured 
into 12 2.4-L clear PETG bottles. We had four treatments: 1) a control 
without enrichment, 2) 1 µmol/L P (as KH2PO4) and 100 µmol/L nitrate 
(NaNO3) enrichment, 3) 1 µmol/L P and 100 µmol/L ammonium 
(NH4Cl), and 4) 1 µmol/L P and 100 µmol/L urea-N (50 µmol/L urea). 
Each treatment was replicated with three separate bottles. Samples were 
collected for sxtA and particulate STX (captured on a filter) before and 
after 72 h of incubation suspended from docks in situ in Lake Erie. The 
MB18 experiments were incubated in Maumee Bay at the University of 
Toledo’s Lake Erie Center, whereas the WB83 experiments were incu
bated in Put-in-Bay at the Ohio State University’s Stone Lab (Fig. 1). 
Cyanobacteria-specific chl a measured with a bbe FluoroProbe was used 
as a metric of cyanobacterial biomass (Chaffin et al., 2022). 

2.3. Benthic cyanobacteria 

We deployed nutrient diffusing substrata (NDS) to determine the 
impact of nutrients, depth, and season on the colonization and growth of 
potential-STX-producing benthic cyanobacteria. NDS are artificial sub
strates deployed in situ that leach nutrients through a porous substrate to 
determine if benthic algae are nutrient-limited (Tank et al., 2017). We 
used 30-mL polycon cups for each NDS replicate (Capps et al., 2011; 
Tank et al., 2017). We drilled a 19 mm diameter hole (2.85 cm2) into 
each lid and then washed the cups in phosphate-free soap. The cups were 
filled with autoclaved 2 % agar containing one of the six nutrient 
treatments: 1) a control without enrichment, 2) P-only enrichment (0.5 

mmol/L as KH2PO4), 3) nitrate-only (10 mmol/L as NaNO3), 4) 
ammonium-only (10 mmol/L as NH4Cl), 5) P and nitrate, and 6) P and 
ammonium. A total of 20 NDS replicate cups were made for each 
nutrient treatment, providing 10 cups to be used at each depth (0.5 m 
and 2.0 m from the surface). As the agar cooled and solidified, each cup 
was topped with a pre-combusted fritted glass disk (EA Consumables, 
Porous Crucible Cover PN: 528–042) to ensure that the disk was exposed 
on the top of the agar. The cups were closed and reinforced with gorilla 
tape to keep the lid closed throughout the deployment. The cups were 
secured to a PVC L-bar (US Plastics #45031) in random order with zip 
ties and monofilament fishing line. Next, the L-bars with NDS cups were 
secured in one of two plastic crates (one for each depth) (61 cm x 41 cm 
x 13 cm) with zip ties. The NDS crates were then deployed in Put-in-Bay, 
Lake Erie, at Stone Laboratory (Fig. 1) suspended off a dock at 0.5 m and 
2.0 m from the water surface with rope and stabilized with concrete 
blocks (Electronic Supplementary Material (ESM) Fig. S1). The NDS 
were deployed for 14 days. Fresh agar and new cups were prepared 
before each deployment. 

At the end of each experiment, the NDS were removed from the lake 
and brought into the laboratory. All NDS replicates were immediately 
analyzed for the abundance of green algae, diatoms, and cyanobacteria 
with a FluoroProbe equipped with a BenthoFluor attachment (bbe 
Moldaenke, Germany). Because the BenthoFluor attachment is an optic 
fiber that directly transmits the FluoroProbe signals, the units from the 
FluoroProbe (µg chl a/L) were considered relative units for this study. 
The NDS were kept wet with lake water while analysis occurred. After 
the BenthoFluor evaluation, the frits were removed from the NDS. Three 
frits from each treatment were placed in a 50-mL Falcon tube with 10 mL 
of deionized water and stored at −20 ◦C for STX analysis. Another three 
frits were stored in 50-mL Falcon tubes without deionized water and 
stored at −80 ◦C for DNA extraction. Three more frits were dried and 
weighed for analysis of organic matter. Finally, the tenth frit was stored 
in a 125-mL plastic bottle with 10 mL of 1 % formalin for algae identi
fication by microscopy using the keys of (Wehr et al., 2014) with new 
taxonomic updates (Hašler et al., 2012; Meriluoto et al., 2016; Strunecký 
et al., 2014, 2013). 

The NDS saxitoxin samples were analyzed similarly to the water 
column samples. First, the NDS samples for STX analysis were frozen/ 
thawed three times, and then the cellular debris was removed from a 2- 
mL subsample by filtration with a GMF (0.45 µm) syringe filter and 
deposited into a 4-mL glass vial. STX concentration was measured in the 
lysate with the Eurofins Abraxis ELISA kits, and then STX was back- 
calculated to ng/cm2 by multiplying the ELISA result by 10 mL (vol
ume of deionized water) and dividing by 2.85 cm2 (the area of the frit). 

We had planned to quantify the sxtA gene but were unsuccessful in 
extracting DNA due to method limitations. The limitations included 
potential DNA binding due the glass nature of the frits, the size of frits, 
and Covid-19 supply chain constraints. We omitted the organic matter 
data because microinvertebrate grazers were observed by microscopy, 
and we could not differentiate alive organic matter from organic debris 
that settled onto the NDS from the water column. 

2.4. Data analysis 

Using the Kriging function, we conducted spatial interpolations of 
the sxtA gene copies and cyanobacterial-chl a collected during the HABs 
Grabs with ArcGIS v10.3. The Kriging output maps were cropped to the 
area sampled. 

We conducted a correlation analysis between the sxtA gene copy data 
and the environmental data collected from sites MB18, GIW, and WB-83. 
We analyzed the sxtA gene copy data from the water column nutrient 
enrichment bioassays with an analysis of variance (ANOVA) and a post- 
hoc Tukey test to determine differences among treatments. To analyze 
the NDS data, a 3-factor ANOVA was used to determine the difference in 
SXT and cyanobacteria biomass among nutrient treatment, depth level, 
and season. IBM SPSS version 27 was used for all ANOVAs. 
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3. Results 

3.1. sxtA in the water column 

Concentrations of sxtA in the open water western basin samples 
ranged from below detection to 4,083 gc/mL (at site GIW on 30 July 
2018) (Fig. 2). Sites GIW and WB83 had between 2 and 10 times higher 
sxtA gene copies than site MB18 on each sampled date. In 2018, site GIW 
had two sxtA peaks in late July (4,083 gc/mL) and mid-September 
(1,880 gc/mL), whereas MB18 and WB83 had one peak in late July 
and early August, 1,799 gc/mL and 3,964 gc/mL, respectively (Fig. 2A). 
In 2019, GIW and WB83 each had one sxtA peak in mid-July (3,508 – 
4,014 gc/mL), whereas sxtA at MB18 remained low throughout the year 
(<610 gc/mL; Fig. 2B). There was a weak but significant correlation 
between sxtA gene copies and water temperature (p = 0.027; r = 0.263) 
and no other variables including cyanobacterial biovolumes correlated 
with sxtA (ESM Table S1). Microcystis was the most abundant cyano
bacterial genus throughout both 2018 and 2019 (ESM Fig. S3). Genera 
known to have potential STX-production, Aphanizomenon, Dolicho
spermum, and Planktothrix, were observed during 2018 and 2019 (ESM 
Fig. S4), but there was no apparent temporal or spatial pattern among 
them. 

The two most western PWS (Toledo and Oregon) did not have sxtA 
detections between 2019 and 2022 (Table 1). Across all years, Camp 
Patmos (on Kelley’s Island) and Huron PWSs, which are on the eastern 
edge of the western basin, had the most frequent sxtA detections (26.5 % 
and 18.4 %, respectively, Table 1). Across all PWSs, 2019 had the most 
frequent sxtA detections (22.8 %) and 2022 the lowest sxtA detections 
(3.2 %). The temporal pattern of sxtA gene copies at the PWS was similar 
to the open water sites with ephemeral peaks followed by declines to low 
or non-detect levels. During 2019, the timing of sxtA peak at each PWS 
followed a general pattern of occurring earliest in the most western PWS 
with later detections in the east (Fig. 2C). In 2019, Carroll PWS (the 
westernmost PWS) sxtA peak occurred on 30 July. The sxtA peak moved 
west to east, reaching Ottawa County PWS on 13 August, Marblehead 
PWS on 3 September, and finally Huron PWS, the easternmost PWS in 
the western basin, on 16 September (Fig. 2 C). 

3.2. HABs Grab 

The HABs Grab data showed sxtA throughout the western basin 
during early August of 2018 and 2019 (Fig. 3). On 9 August 2018, 91 of 
the 100 samples had quantifiable sxtA, while 109 of the 171 samples 
collected on 7 August 2019 had quantifiable sxtA. In 2019, there was no 
sxtA detected in the area impacted by the Detroit River outflow 
(northwest area of the basin), which corresponded with cyanobacteria- 
chl a less than 5 µg/L. The northwest area of the basin was not sampled 
during the 2018 HABs Grab, so a basin-wide average could not be 
calculated without basis. Hotspots of sxtA concentration varied by 
location year to year and did not correspond with the cyanobacteria-chl 
a concentration peaks. The highest 2018 sxtA concentration (10,482 gc/ 
mL) was measured in the vicinity of the Carroll PWS (Fig. 1). Compar
atively, in 2019, the sxtA detection hotspots were located around both 
the Maumee Bay (southwest of the basin) and Pigeon Bay (41,536 gc/ 
mL, northeast of the basin in Canadian waters) regions. The HABs Grab 
sxtA detections did not correlate with any other measured parameter (p 
> 0.1, r < 0.14; ESM Table S1). Saxitoxins were not detected in any 
HABs Grab samples. 

3.3. In-situ Lake Experiments 

3.3.1. Nutrient Addition Bottle Experiments 
During 2018, seven nutrient addition bottle experiments had 

detectable sxtA, and four of the seven had significant differences among 
treatments (p < 0.05; Fig. 4), but a fifth experiment was nearly signifi
cant (p = 0.082). In 2019, six experiments had detectable sxtA, and only 

one of six had significant differences among treatments (Fig. 5), but 
another experiment was nearly significant (p = 0.056). Among the ex
periments with significant differences among treatments (both years, 
both sites), the P and N enrichment treatments resulted in higher levels 
of sxtA than the initial level and in the control. The P and ammonium 
and P and urea enrichments resulted in the highest sxtA. Whereas the 
sxtA response to P and nitrate enrichment ranged from not significant 
from the control (ex: WB83 30 July 2018; WB83 13 July 2019), signif
icantly greater than the control but significantly lower than P and 
ammonium (ex: MB18 14 August 2018), and significantly greater than 
the control and not significant from the P and ammonium and urea 
enrichments (ex: MB18 2 August 2018). 

Cyanobacteria-specific chl a concentration was significantly 
different among treatments in 10 of the 13 experiments (p < 0.05; Figs. 4 
and 5), and one experiment was nearly significant (MB18 18 September 
2018, p = 0.054). In the two experiments without significant differences 
(MB18 2 July 2019, and 16 July 2019), chl a in the controls were more 
than double that of the initial concentration, indicating the high con
centrations of ambient DRP and nitrate (ESM Figure S2) alleviated short- 
term nutrient limitation. In the 10 experiments with significant differ
ences in chl a concentrations among treatments, the enrichments of P 
and ammonium resulted in the highest chl a concentrations, the P and 
urea and the P and nitrate resulted in intermediate chl a concentrations, 
and the control had the lowest chl a concentrations. 

There were five experiments (across both sites and years) in which P 
and N enrichment, regardless of N form, resulted in higher concentra
tions of both sxtA and cyanobacteria chl a (ex: MB18 2 August 2018, 
Fig. 4; WB83 13 July 2019, Fig. 5). There were six experiments that 
increased cyanobacteria chl a with P and N enrichment but sxtA did not 
(ex: MB18 28 August 2019, Fig. 5). There were two experiments in 
which both sxtA and cyanobacteria chl a did not differ among control 
and nutrient enrichment (MB18 2 July 2019, and 16 July 2019). There 
were no experiments in which sxtA responded to nutrient enrichments 
while cyanobacteria chl a did not. 

Saxitoxin was not detected in any bottle experiment. This could be 
due to the cyanobacteria did not produce STX, cyanobacteria produced a 
STX congener not detected by ELISA, or due to the method of measuring 
particulate STX (extracted from a filter) when STX tends to be extra
cellular (Jørgensen et al., 2022). 

3.3.2. Nutrient Diffusing Substrata Experiments 
We deployed NDS experiments in late June, August, and late 

September in both 2018 and 2019, and within each time frame, the 
ambient water conditions were similar between both years (Fig. 6). Both 
June NDS experiments were characterized by rapidly warming water 
(22 ◦C to 27 ◦C in 2018, 19 ◦C to 26 ◦C in 2019), mild turbidity (0–10 
NTUs), high nitrate concentrations (>30 µmol/L), and detectable DRP. 
The August NDS experiments were characterized by warm and stable 
water temperature (25–26 ◦C), the clearest water (NTU < 3), declining 
nitrate concentrations (10–20 µmol/L), and the lowest TP (0.4 – 0.6 
µmol/L) and DRP (<0.05 µmol/L) concentrations. The September NDS 
experiments were characterized by cooler water temperature than 
August (20–24 ◦C), unstable turbidity (0––35 NTU), low nitrate con
centrations (<10 µmol/L), and the highest TP and DRP concentrations of 
the year (0.6 – 1.0 µmol/L, 0.1 – 0.5 µmol/L, respectively). 

Saxitoxin and cyanobacterial-chl a concentrations followed different 
patterns in the NDS experiments (Fig. 7; Table 2). In general, STX ng/ 
cm2 was lowest in June (of both years) and highest in September, while 
cyanobacteria-chl a was highest in June and lowest in September. 
Saxitoxin was higher at the 2.0-meter depth than the 0.5-meter depth, 
while cyanobacteria-chl a was higher at 0.5 m. Saxitoxin was unaffected 
by nutrient enrichment (p > 0.5, Table 2), while cyanobacteria-chl a was 
significantly different among nutrient enrichments (p < 0.05, Table 2). 
Saxitoxin was significantly affected by the interaction between depth 
and season, and depth and season were each significant on their own 
(Table 2). Cyanobacterial-chl a concentrations of the NDS were affected 

C. Nauman et al.                                                                                                                                                                                                                                



Journal of Great Lakes Research 50 (2024) 102342

5

Fig. 2. sxtA gene copies (/mL) in the western basin during 2018–2021. Panels A and B were collected aboard research vessels during 2018 (A) and 2019 (B), whereas 
panels C, D, and E show sxtA data collected from the intakes of 11 public water systems (PWS) in 2019, 2020, and 2021. The PWS intakes in the legend are arranged 
west to east. Note the difference in the Y-axis scale. 2022 is not shown in the figure due to low number of non-detects (Table 1). 
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by the interactions between season*depth, season*treatment, and 
depth*treatment (the 3-factor interaction was not significant), and each 
factor was significant on its own (Table 2). The interaction among fac
tors complicated the interpretation of the nutrient enrichment 
cyanobacteria-chl a, but there are a few general patterns across all ex
periments. First, the cyanobacteria-chl a within each experiment and 
depth level did not significantly differ between the control and P-only 
enrichments. For example, in the June 2018 experiment, cyanobacterial- 
chl a in the 0.5-meter depth level were 12.13 ± 0.83 (mean ± 1 standard 
error; relative units – see methods section) and 11.42 ± 0.77 in the 
control and P-only enrichment respectively, and 6.92 ± 0.75 and 5.00 
± 0.73 in the control and P-only enrichment, respectively at the 2.0- 
meter depth level. Secondly, the differences among nutrient enrich
ment tended to be more pronounced at the deeper depth level than the 

shallow/higher light level (hence the interaction between the two fac
tors in 2018, p = 0.001). Third, in five of the six experiments (sans 
August 2019), the ammonium-only or the P and ammonium enrich
ments resulted in the highest cyanobacterial-chl a within each depth 
level. 

Between 13 and 25 genera of benthic algae colonized the NDS ex
periments (Table 3). Among the cyanobacteria, Leptolyngbya and Pseu
danabaena were observed in all experiments except the July 2018 
experiment. Nine other cyanobacterial genera, including coccoid and 
filamentous forms, were observed throughout our study. Eukaryotic 
algae observed in all experiments were Pediastrum, Scenedesmus, Melo
seria, Navicula-like, and Nitzschia-like genera. Filamentous green algae 
(Oedogonium, Stigeoclonium, and Spirogrya) were observed in all experi
ments, but the genera differed among experiments. Notably, our study 
did not observe the typical nuisance benthic green alga Cladophora, and 
the filamentous cyanobacterium Microseira (“Lyngbya”) was only 
observed in one experiment. We could not quantify the benthic algae by 
counts present due to the inability to remove all algae from the glass frit 
substrate. Microinvertebrate grazers were also observed (i.e. Gastro
tricha). Because benthic cyanobacteria taxonomy can be ambiguous, we 
included micrographs of example specimens in ESM Appendix S1. 

4. Discussion 

4.1. Spatiotemporal Distribution 

This study used multiple datasets involving different monitoring 
events and experimental procedures to help understand the spatiotem
poral dynamics of STX and sxtA in the western basin of Lake Erie. Every 
dataset included in this study found either sxtA or STX throughout 
multiple sites, habitats, sampling seasons, and years, especially 2018 
and 2019. While the “HABs Grab” event was only a day-long snapshot, it 

Table 1 
The percentage of sxtA detections at 11 public water systems with source water 
in western Lake Erie between 2019 and 2022 during May through October 
collected at biweekly intervals, and their location on Fig. 1 map. *Camp Patmos 
was closed in 2020 due to COVID-19.  

Public Water 
System 

Fig. 1 2019 2020 2021 2022 TOTAL 

Toledo TOL  0.0 % 0.0 %  0.0 %  0.0 %  0.0 % 
Oregon ORE  0.0 % 0.0 %  0.0 %  0.0 %  0.0 % 
Carroll CAR  27.3 % 7.7 %  7.7 %  0.0 %  9.8 % 
Ottawa County OTT  23.1 % 0.0 %  7.1 %  0.0 %  7.4 % 
Middle Bass Island MBI  0.0 % 7.7 %  28.6 %  0.0 %  10.2 % 
Put in Bay PIB  18.2 % 0.0 %  16.7 %  7.1 %  10.0 % 
Marblehead MAR  41.7 % 0.0 %  0.0 %  7.1 %  11.8 % 
Kelleys Island KI  58.3 % 0.0 %  0.0 %  0.0 %  13.2 % 
Camp Patmos CP  20.0 % Closed*  40.0 %  21.4 %  26.5 % 
Sandusky SAN  11.1 % 0.0 %  14.3 %  0.0 %  6.0 % 
Huron HUR  37.5 % 23.1 %  21.4 %  0.0 %  18.4 % 
TOTAL   22.8 % 3.9 %  11.6 %  3.2 %  9.8 %  

Fig. 3. sxtA gene copies (/mL, top row) and cyanobacteria-specific chlorophyll a concentration (µg/L, bottom row) collected on the two HABs Grab events on August 
9, 2018 (left column) and August 7, 2019 (right column). The black dots indicate sample location collection. 
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Fig. 4. sxtA gene copies (left column) and cyanobacteria-specific chlorophyll concentration (right column) in nutrient enrichment bioassay experiments conducted 
during 2018 with water collected from site MB18 in Maumee Bay (top 4 rows) and WB83 in the middle of the western basin (bottom 3 rows). Only shown are the 
experiments in which sxtA was detected. The solid horizontal line are the initial concentrations. Note the difference in Y-axis scale. Letters above the bars indicate 
Tukey test grouping with the mean of A > mean of B > mean of C. 
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Fig. 5. sxtA gene copies (left column) and cyanobacteria-specific chlorophyll concentration (right column) in nutrient enrichment bioassay experiments conducted 
during 2019 with water collected from site MB18 in Maumee Bay (top 4 rows) and WB83 in the middle of the western basin (bottom 2 rows). Only shown are the 
experiments in which sxtA was detected. The solid horizontal line are the initial concentrations. Note the difference in Y-axis scale. Letters above the bars indicate 
Tukey test grouping with the mean of A > mean of B > mean of C. 
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provided basin-wide evaluation. The weekly to bi-weekly grab samples 
from research vessels and PWS provided a temporal dataset. Collec
tively, these datasets showed that most of the western basin has the 
potential for sxtA detection, except for the Detroit River-impacted area 
in the northwest area of the basin. Furthermore, these datasets show 
“hotspots” of sxtA that were ephemeral. The ephemeral nature of sxtA in 
the western basin is similar to sxtA found in the Maumee River (Laiv
eling et al., 2022) and the central basin of Lake Erie (Chaffin et al., 
2019). 

The lack of correlation between cyanobacterial taxa biovolume and 
sxtA did not provide any insights into which taxa were responsible for 
sxtA. Dolichospermum and Aphanizomenon, two genera that have been 

associated with sxtA elsewhere (Christensen and Khan, 2020), were 
observed in low biovolumes relative to Microcystis in the western basin 
throughout our study. However, a recent study by Yancey et al., (2023b) 
showed that one strain of Dolichospermum and one strain of Aphanizo
menon collected from western Lake Erie during 2014 did not have the 
sxtA gene. In spite of this finding, there are likely multiple strains of both 
genera, as is with the case of Microcystis in western Lake Erie (Yancey 
et al., 2023a). The isolated hot spots of sxtA and the west-to-east 
sequential peaks of sxtA observed at the PWS during 2019 suggest that 
there may be cryptic strains of Dolichospermum and/or Aphanizomenon 
with sxtA. Genomic studies are needed to reveal which taxa have the 
sxtA and to determine if the gene is transcribed, which could elucidate 

Fig. 6. Ambient environmental data during the summers of 2018 and 2019 at Put-in-Bay, Lake Erie. The gray boxes indicate the timing of the six nutrient-diffusing 
substrata experiments. 
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bloom phenology and help determine the environmental factors that 
select the sxtA containing strain. While Dolichospermum and Aphanizo
menon are often in low biovolumes compared to Microcystis, there have 
been times when Dolichospermum dominated the cyanobacterial com
munity in the western basin. For example, the 2010 and 2011 cyano
bacterial bloom switched from Microcystis to Dolichospermum in 
September following prolonged N-limitation (Chaffin et al., 2013), and 

the 2022 bloom switched to Dolichospermum in September which 
remained in high biomasses into mid-November (personal observation). 
Hence, continued monitoring of sxtA and further studies are needed. 

In addition to finding sxtA in the water column, we found that the 
benthos can be a source of STX (although our methods prevented us 
from detecting sxtA). Microseira wollei (formally Lyngbya wollei 
(McGregor and Sendall, 2015)) is a common and highly abundant 

Fig. 7. Saxitoxin (left column, ng/cm2) and cyanobacteria-specific chlorophyll a (right column, relative units) on six nutrient-diffusing substrata experiments after 
14 days of incubation in Put-in-Bay, Lake Erie, during 2018 and 2019. Letters above the bars indicate Tukey test grouping with the mean of A > mean of B > mean of 
C on the main effects of nutrients within each depth level and experiment. Capitalized letters are for the 0.5 m depth, and lowercase letters are for the 2.0 m depth. 
The lack of letters above bars indicates the nutrients main effect for that experiment and depth was not significant (p > 0.05). 
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filamentous cyanobacterium that forms dense mats in wave-protected 
areas of western Lake Erie (Bridgeman et al., 2012; Bridgeman and 
Penamon, 2010). Microseira wollei in New York lakes was found to be a 
source of paralytic shellfish toxins (PSTS), but lyngbyatoxins, GTX-3, 
and GTX-5 made up the majority of the PSTs and STX and other PSTs 
were less than 3 % of all PSTs (Smith et al., 2019). In addition to 
Microseira wollei, many other cyanobacteria colonized the NDS experi
ments, and lyngbyatoxins may not be detected by the ELISA method 
(Smith et al., 2019) or have a low cross-reactivity of 13 % (Gold Stan
dard Diagnostics, 2022). This suggests that other cyanobacteria could 
have been the source of STX in the NDS experiments. Many other benthic 
cyanobacteria are capable of cyanotoxin production, including STX 
(Catherine et al., 2013; Wood et al., 2020); however, STX is less screened 
for in benthic samples when compared to microcystins and anatoxins 
(Catherine et al., 2013; Wood et al., 2020). 

The taxonomy of benthic filamentous cyanobacteria is rather 
ambiguous, which complicates the determination of potential toxin 

producers. Genera and species are being split while others are combined. 
For example, between 2014 and 2021, at least 273 species in 140 genera 
were described (Strunecký et al., 2023), and the morphological diversity 
within a taxon can be very high and influenced by environmental con
ditions (Strunecký et al., 2013). These make the identification of benthic 
cyanobacteria by microscopy challenging. One such example is Phor
midium. Phormidium was reclassified as Microcoleus more than 10 years 
ago (Hašler et al., 2012; Strunecký et al., 2013), but more recent reports 
of Phormidium blooms continue (McAllister et al., 2016; Wood et al., 
2020). A species of Kamptonema (K. capsicum) was moved from Oscil
latoria to Phormidium and recently to Kamptonema (Vinogradova and 
Nuriyeva, 2020). The life stages of the filaments can also confuse tax
onomists (Raabová et al., 2019). Many recent keys do not account for 
recent name changes. Phormidium is a known STX producer (McAllister 
et al., 2016; Wood et al., 2020), but it is unclear if the “Phormidium” we 
observed was a STX producer. Additionally, other filamentous genera 
we observed such as Leptolyngbya and Kamptonema have been reported 
to produce anatoxin-a and cylindrospermopsins, respectively (Shishido 
et al., 2023; Tavakoli et al., 2021). While our report does not identify the 
putative STX producer, we highlight that benthic cyanobacteria can be a 
source of cyanotoxins. 

Lake Erie’s management strategy has primarily been focused on 
microcystins due to their common occurrence in the western basin. 
However, with technological advancements (such as the adaption of 
multiplex qPCR), there has been an increased awareness of STX in Lake 
Erie. Screening for sxtA with multiplexed qPCR is a good practice and 
may give insight into latent STX. The PWS data were collected at 
biweekly intervals, and peaks in sxtA were detected at this sampling 
frequency (Fig. 2). If sxtA exceeds 500 gc/mL at a PWS, that PWS will be 
required to increase sample frequency to weekly and a follow up STX (by 
ELISA) sample may be requested. Because most sxtA levels in the Mau
mee River (Laiveling et al., 2022), the western basin (this study), and the 
central basin (Chaffin et al., 2019) were low (<5000 gc/mL) compared 
to other locations in Ohio and elsewhere (Jørgensen et al., 2022; Kramer 
et al., 2018; Podduturi et al., 2021) and the correlation between sxtA and 
STX concentrations (Al-Tebrineh et al., 2010; Savela et al., 2015), this 
monitoring frequency is adequate for now to protect human health. 
However, based on the inconsistency of sxtA detections, biweekly 
monitoring may be too infrequent to determine potential drivers if 
conditions in the lake change and STX-producing cyanobacteria become 
more common. 

4.2. Potential Drivers of STX and sxtA 

Potential STX-producing cyanobacteria in the plankton (i.e., sxtA gc/ 
mL) increased with P and N additions in 6 of the 13 experiments, but 
total cyanobacteria biomass increased with nutrients in 10 of the 13 
experiments, suggesting the nutrient status differed among the potential 
STX-producers and the broader cyanobacterial community. Further
more, there were nuanced responses to the three forms of N. Nutrient- 
limited growth among Lake Erie cyanobacteria (and all phytoplankton 
in general) was expected based on many previous studies (Barnard et al., 

Table 2 
Summary statistics of the three-factor ANOVAs on the impact of season, depth, and nutrient treatment (abbreviated as s, z, and t, respectively) on benthic cyano
bacteria and saxitoxin in six nutrient diffusing substrata experiments conducted during the summers of 2018 and 2019.   

Cyanobacteria-chl a   Saxitoxin   
2018  2019     2018  2019  

Source df  F  P  F  P  Source df  F  P  F  P 
Season (s) 2  251.0  <0.001  354.1  <0.001  Season (s) 2  109.1  <0.001  27.58  <0.001 
Depth (z) 1  332.5  <0.001  139.4  <0.001  Depth (z) 1  55.11  <0.001  110.7  <0.001 
Treatment (t) 5  44.23  <0.001  2.4  0.037  Treatment (t) 5  0.893  0.491  0.870  0.506 
s * z 2  13.15  <0.001  16.6  <0.001  s * z 2  9.936  <0.001  15.95  <0.001 
s * t 10  5.448  <0.001  3.3  <0.001  s * t 10  1.912  0.057  2.153  0.032 
z * t 5  4.118  0.001  1.2  0.288  z * t 5  1.316  0.267  0.794  0.558 
s * z * t 10  1.780  0.063  1.1  0.348  s * z * t 10  0.771  0.656  1.675  0.105  

Table 3 
Genera of benthic algae observed by microscopy in the nutrient-diffusing sub
strata experiments. *Navicula-like and Nitzschia-like genera are difficult to 
differentiate and beyond the scope of our study.   

Genera 

July 2018  
Cyanobacteria Anabaena, Chroococcus, Merismopedia, Oscillatoria 
Green Algae, 

Desmids 
Ankistrodesmus, Cosmarium, Closterium, Pediastrum, 
Scenedesmus, Selenastrum, Stigeoclonium, Spirogrya 

Diatoms Cocconeis, Cymbella, Fragilaria, Gomphenema, Gomphoneis, 
Meloseria, Meridion, Navicula&Nitzschia-like*, Rhoicosphenia 

July 2019  
Cyanobacteria Leptolyngbya, Pseudanabaena 
Green Algae, 

Desmids 
Ankistrodesmus, Closterium, Pediastrum, Scenedesmus, 
Stigeoclonium 

Diatoms Cocconeis, Cymbella, Gomphenema, Meloseria, 
Navicula&Nitzschia-like*, Rhoicosphenia 

August 2018  
Cyanobacteria Chroococcus, Kamptonema, Leptolyngbya, Merismopedia, 

Microseira, Oscillatoria, Planktolyngbya, Pseudanabaena 
Green Algae, 

Desmids 
Ankistrodesmus, Closterium, Cosmarium, Oedogonium, 
Pandorina, Pediastrum, Scenedesmus, Spirogrya 

Diatoms Cocconeis, Gomphenema, Encyonema, Meloseria, 
Navicula&Nitzschia-like* 

August 2019  
Cyanobacteria Chroococcus, Kamptonema, Leptolyngbya, Merismopedia, 

Pseudanabaena 
Green Algae, 

Desmids 
Cosmarium, Oedogonium, Pediastrum, Scenedesmus, Spirogrya, 
Stigeoclonium 

Diatoms Cocconeis, Cymbella, Gomphenema, Gryosigma, 
Navicula&Nitzschia-like* 

September 2018  
Cyanobacteria Chroococcus, Kamptonema, Leptolyngbya, Merismopedia, 

Microcoleus, Microseira, Oscillatoria, Planktolyngbya, 
Phormidium, Pseudanabaena 

Green Algae, 
Desmids 

Coelastrum, Cosmarium, Mougeotia, Oocystis, Pediastrum, 
Scenedesmus, Stigeoclonium, Staurastrum 

Diatoms Cocconeis, Cymbella, Diatoma, Encytonema, Gryosigma, 
Meloseria, Navicula&Nitzschia-like*  
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2021; Chaffin et al., 2013; Jankowiak et al., 2019). However, many 
other environmental factors that were not addressed in our study, such 
as light intensity, water temperature, and carbon dioxide, have been 
shown to impact STX production and growth of STX-producing cyano
bacteria. Previous studies using culture-based approaches have provided 
mixed results (Pearson et al., 2016). To use temperature as an example, 
one experiment (Casero et al., 2014) showed that Aphanizomenon had 
the highest STX per cell at lower temperatures, but another experiment 
(Dias et al., 2002) showed that a different Aphanizomenon strain pro
duced more STX at higher temperatures. Regarding nutrients, a recent 
meta-analysis suggested that STX per cell decreased under N limitation 
and increased under P limitation because STXs are N-rich molecules 
(Van de Waal et al., 2014), yet many culture studies showed STX pro
duction increased under low N concentrations (Aguilera et al., 2017; 
Cirés et al., 2017; Dias et al., 2002; Yunes et al., 2009). Many STX- 
producing genera are capable of N-fixation, which might explain why 
some studies showed no effect of N concentration on STX production 
(Vargas et al., 2019; Vico et al., 2016). The effect of light on STX pro
duction has been less studied. Carneiro et al. (2009) showed STX pro
duction was highest at 100 µmol photons/m2/s compared to 50 and 150 
µmol photons/m2/s; however, Aguilera et al. (2017) showed no signif
icant difference in STX production at 40 and 80 µmol photons/m2/s. 
These light levels represent a relatively narrow range and low intensity 
compared to full sunlight, which can be 2,000 µmol photons/m2/s on 
cloud-free days during mid-summer. Elevated carbon dioxide was 
shown to decrease STX quota but elevated carbon dioxide with elevated 
nitrate increased STX in laboratory experiments with Dolichospermum 
(Kramer et al., 2022). Interactions among these factors likely also in
fluence STX production (Cirés et al., 2017; Kramer et al., 2022). Other 
studies have shown that ambient salt stress or alkalinity affected STX 
production (Carneiro et al., 2013; D’Agostino et al., 2016; Ongley et al., 
2016). These mixed conclusions collectively suggest there might be 
species or strain-specific impacts or that the lack of compressive 
analytical methods and not accounting for interactions among factors in 
studies may be biasing general conclusions. Clearly, more research is 
needed on the drivers of STX production. 

Benthic cyanobacteria biomass and STX responded conversely with 
the highest biomass in the shallow high-light level with extra P and 
ammonium, while STX was higher at the deeper lower-light level. 
Regarding biomass, enrichments of P and ammonium have shown to 
simulate non-N-fixing cyanobacteria in the plankton of Lake Erie 
(Chaffin et al., 2022, 2018), which agrees with the non-N-fixing taxa 
observed in our NDS experiments. Lake sediment phosphorus content, 
not water column P concentration, impacts where Microseira mats form 
(Putnam et al., 2022). Substrate type and physical forces (currents, 
waves) determine where benthic algae can colonize (Cantonati and 
Lowe, 2014; Vadeboncoeur et al., 2008, 2006). The opposing trends of 
biomass and STX suggest that the two processes are not correlated. 
Additionally, we observed significant interactions among depth (i.e., 
light), nutrients, and season (Table 2) in the NDS experiments, and in
teractions among factors has been document in SXT production in the 
plankton (Aguilera et al., 2017; Cirés et al., 2017; Kramer et al., 2022). 
As with the plankton, we cannot determine which benthic taxa were 
responsible for STX production. 

Studying benthic algae is more challenging than phytoplankton due 
to its attachment as patches on substrates rather than being suspended 
more homogeneously in the water column (Wood et al., 2020). Stream 
ecologists frequently utilize NDS experiments (Tank et al., 2017), but 
relatively few studies have used NDS in lakes (Ozersky and Camilleri, 
2021; Winfield Fairchild and Lowe, 1984). The drawback to the in situ 
NDS design is that only a few factors can be tested for compared to lab 
incubations. Additionally, the substrate type (frits, clay pots, filters) 
used in NDS affects which benthic algae colonize the experiments 
(Capps et al., 2011) and which analyses can be conducted (i.e., we could 
not extract DNA from the frits). NDS experiments can be useful for 
studying benthic cyanobacteria and toxin production, but their 

limitations must be accounted for in the experimental design. 

5. Conclusion 

In conclusion, STX and the STX biosynthesis gene sxtA were detected 
in varying amounts throughout the western basin of Lake Erie from 2018 
to 2022. Analysis of three different datasets showed the patchy and 
ephemeral nature of sxtA in the water column, starkly contrasting with 
total cyanobacteria biomass and microcystin concentrations. Addition
ally, benthic cyanobacteria growth and sxtA in the water column were 
stimulated by phosphorus and ammonium, which is also the favored 
source of N for Microcystis. While scientists continue to debate about the 
need for dual nutrient management (Paerl et al., 2016b) vs. P-only 
management (Schindler et al., 2016), those debates only focus on water 
column algal blooms and do not consider benthic blooms. These debates 
would be more inclusive if benthic algae were considered. Overlooking 
benthic production may inhibit the complete understanding of saxitoxin 
and contributing sources, limiting management and monitoring strate
gies. With technological advancements and a better understanding of 
STX, it is essential for STX research and monitoring to not be overlooked 
when maintaining the safety of those utilizing Lake Erie. Additional 
research and continued monitoring are needed, and we emphasize that 
those future efforts should not solely focus on microcystins or the 
practice of seeing green and measuring only microcystins. 
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