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Cyanobacterial harmful algal blooms (CHABs) are a global public health threat. While CHABs are often promoted
by nutrients, an important and often overlooked influence on bloom dynamics is zooplankton grazing. In the
present study, zooplankton grazing and nutrient enrichment experiments were combined with next generation
sequencing and fluorometric analyses to quantify differential grazing and nutrient effects on specific cyano-
bacterial genera across the western basin of Lake Erie. Grazing by two different sized daphnids, Daphnia magna
and Daphnia pulex, was compared to protozooplankton grazing effects assessed via a dilution approach at sites
within the Maumee and Sandusky Bays where Planktothrix, Microcystis, Synechococcus, and Dolichospermum were
the dominant genera. Daphnid grazing significantly reduced Synechococcus net growth rates at most sites as well
as Planktothrix net growth in Sandusky Bay and Dolichospermum in Maumee Bay. Dilution resulted in significant
growth increase of Synechococcus at half of the sites and Planktothrix at most sites evidencing substantial grazing
pressure by the protozooplankton community on these genera. In contrast, Microcystis populations were largely
unaffected by daphnids and protozooplankton grazing but benefitted from nutrient enrichment more than other
CHAB genera. When diatoms were present in moderate abundance, grazing rates by daphnids on diatoms were
significantly greater than grazing rates on cyanobacteria. The novel approach used in this study established
differences in grazing pressure and nutrient effects on differing taxa and revealed that, while many taxa were
grazed by multiple classes of zooplankton (e.g. Planktothrix, Synechococcus, Dolichospermum, diatoms), the lack of
grazing pressure on Microcystis coupled with nutrient-enhanced growth in western Lake Erie promotes the
occurrence of CHABs of this genus.

1. Introduction with elevated temperatures and nutrients (Elliott et al., 2006; Paerl and

Huisman, 2009; Carey et al., 2012) and their ability to deter grazing

Harmful algal blooms (HABs) have been globally recognized as a
significant environmental and public health threat in recent decades
(Sukenik et al., 2015; Carmichael and Boyer, 2016; Huisman et al.,
2018) with the primary HABs in freshwater systems being toxic cyano-
bacterial blooms (CHABs) (Carmichael and Boyer, 2016). Cyanobacteria
can produce a variety of hepatotoxins and neurotoxins that can have
deleterious effects on animals and humans (Carmichael, 1992, 2001;
World Heath Organization, 1999; Kaebernick and Neilan, 2001). The
distribution and intensity of CHABs have expanded in recent decades
(Paerl and Paul, 2012; Harke et al., 2016) and are expected to continue
to increase in the future given their ability to flourish in environments
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(Gobler et al., 2007; Paerl and Paul, 2012; Ger, Urrutia-Cordero, et al.,
2016).

Lake Erie is the smallest of the North American Great Lakes, but is
socioeconomically important as a drinking resource, for recreation, and
for supporting fisheries (Fuller et al., 2002). The western basin of Lake
Erie has been prone to CHABs for decades, with the 2014 bloom causing
contamination of the drinking water supply in the city of Toledo (Car-
michael and Boyer, 2016; Steffen et al., 2017). Blooms are generally
thought to be facilitated by nutrient inputs from the surrounding river
watersheds (Baker et al., 2014; Kast et al., 2021). CHABs in Lake Erie are
dominated by Microcystis and Planktothrix, both of which have the
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potential to produce microcystins (Sivonen and Jones, 1999) with
blooms of these genera typically occurring in Maumee Bay and
Sandusky Bay, respectively (Rinta-Kanto and Wilhelm, 2006; Janko-
wiak et al., 2019).

One factor that is often overlooked in the occurrence of CHABs is top-
down control by zooplankton (Ger et al., 2016; Urrutia-Cordero et al.,
2016). Lowered zooplankton grazing pressure on cyanobacteria relative
to other algae has been attributed to many factors (Wilson et al., 2006;
Liirling, 2020) including secondary metabolite production (Rohrlack
et al,, 1999, 2004; Liirling, 2003; Pawlik-Skowronska et al., 2019),
colony/filament formation (Fulton, 1988; Gliwicz and Lampert, 1990;
Epp, 1996; Bednarska et al., 2014), and poor nutritional quality (Von
Elert et al., 2003; Martin-Creuzburg et al., 2005, 2008; Ravet and Brett,
2006). Moreover, climate change is likely to further alter zooplankton
grazing as increased temperatures shift zooplankton communities to
smaller and more selective species (Strecker et al., 2004; Cremona et al.,
2020; Zhou et al., 2020) potentially reducing grazer impact on CHABs.
In addition, zooplankton susceptibility to cyanotoxins increases with
increased temperature (Heitala et al., 1997; Claska and Gilbert, 1998)
suggesting that grazing suppression during CHABs could become more
common in the future.

Daphnids are non-selective grazers (DeMott and Moxter, 1991),
generally consuming plankton based on size and availability (Burns,
1968; DeMott et al., 2001). CHABs have often been associated with a
decrease in the abundance of larger daphnids, which are adversely
impacted by cyanobacteria and are often replaced by smaller
zooplankton grazers (smaller daphnids, copepods, and proto-
zooplankton) (Ghadouani et al., 2003; Rollwagen-Bollens et al., 2013;
Jiang et al., 2017). Daphnia spp., however can adapt to cyanobacteria
and their toxins and pass those traits on to offspring, which may even-
tually mitigate negative effects (Hairston Jr. et al., 1999, 2001; Sarnelle
and Wilson, 2005). Copepods are selective grazers that can avoid toxic
prey sometimes allowing them to co-exist with CHABs (Kirk and Gilbert,
1992; Ger et al., 2010, 2016) and/or promote blooms (Wang et al.,
2010).

Protozoan grazers or protozooplankton are known to consume the
majority of primary production in aquatic ecosystems (Calbet and
Landry, 2004) including Lake Erie (Gobler et al., 2008). Proto-
zooplankton are generally less affected by cyanobacterial grazing de-
terrents than larger, metazoan zooplankton and have been shown to be
in high abundance and to actively graze during CHABs (Gobler et al.,
2007; Davis et al., 2012). There is, however, evidence of selection for
more palatable prey by some protozooplankton, that could, in turn,
prolong CHABs (Kirk and Gilbert, 1992; Boyer et al., 2011). In addition,
protozooplankton can be important prey items, especially for copepods
(Bec et al., 2006) and this relationship may become more important as
lakes become increasingly eutrophied (Burns and Schallenberg, 2001). It
has been shown that reduced or selective grazing pressure can
contribute toward CHAB development especially when systems are
highly eutrophied (Wang et al., 2010). Collectively, the relationship
between zooplankton and toxic cyanobacteria is complex, with studies
supporting the idea that grazing can depend on multiple environmental
and biological factors and can indirectly cause the intensification of
CHABs.

Cyanobacteria are notoriously difficult to quantify microscopically.
Filamentous types are frequently misidentified or self-obscuring making
accurate quantification of cells in colonies and large filaments a chal-
lenge (Wilson et al., 2000; Zhang et al., 2014). Many protozooplankton
are also difficult or impossible to identify microscopically (Finlay and
Esteban, 1998; Carr et al., 2017). Next generation sequencing and the
use of metabarcoding targeting the ribosomal subunits 16S (for pro-
karyotes) and 18S (for eukaryotes) has allowed for a more detailed
understanding of plankton communities (de Vargas et al., 2015; Otten
and Paerl, 2015; Jankowiak et al., 2019). This technology can be com-
bined with traditional experimental techniques to address questions
related to the changes in community composition with greater accuracy
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and depth compared to use of microscopy alone. Many studies have
examined protozooplankton grazing or mesozooplankton grazers alone,
yet few if any have performed traditional grazing experiments exploring
multiple grazer size classes in tandem with next generation sequencing
to assess differential grazing on plankton communities.

The purpose of this study was, therefore, to combine high throughput
sequence analyses (16S, 18S) with traditional analyses (fluorometry)
and experiments to determine how specific groups of cyanobacteria as
well as other eukaryotic phytoplankton (such as diatoms) were affected
by grazer manipulations within Lake Erie. Experiments were performed
within regions of Maumee Bay and Sandusky Bay with differing cya-
nobacterial abundances to assess responses of differing plankton com-
munities. The combined use of fluorometry coupled with high
throughput sequencing provided a novel means for quantification of the
effect of grazing by different zooplankton populations and nutrients on
all genera of cyanobacteria present during blooms yielding a unique
CHAB data set. We hypothesized that Microcystis colonies would be
poorly grazed by Daphnia spp. compared to filamentous and unicellular
cyanobacteria that are generally more palatable to many zooplankton.
We further hypothesized that protozooplankton would graze all cya-
nobacteria equally. Finally, we hypothesized that larger cyanobacteria
would be more nutrient limited than small unicellular cyanobacteria.

2. Methods
2.1. Study site and transects

In August of 2015, the western basin of Lake Erie experienced a
dense cyanobacterial bloom that continued into September 2015.
MODIS Satellite imagery (Stumpf et al., 2012; Wynne et al., 2013) of this
CHAB from September 2015 indicated Sandusky Bay and Maumee Bay
within the western basin were the epicenters of two physically distinct
blooms. Transects were performed across these two bloom locations
going from the densest bloom area to more dilute regions further from
the river mouths on the R/V Erie Monitor (The Ohio State University) in
order to sample a gradient in biomass and plankton community
composition (Rinta-Kanto and Wilhelm, 2006; Davis et al., 2015; Jan-
kowiak et al., 2019). A BBE Fluoroprobe was used to quantify cyano-
bacteria, brown algae (diatoms and dinoflagellates), as well as green
algae across transects using differences in pigment abundance and ratios
(Beutler et al., 2002). The Sandusky Bay transect had six sampling lo-
cations (S1-S6) and the Maumee Bay transect had five (M1-M5). Surface
temperature and dissolved oxygen was measured using a YSI sonde. For
each transect at each location, surface water samples were obtained for
high throughput sequencing by filtering 30 ml whole bloom water onto
0.22 um polycarbonate filters in triplicate, flash freezing in liquid ni-
trogen, and then storing in -80 °C until DNA extraction. Whole water
samples were preserved with Lugol’s iodine solution (5% v/v) for
microscopic analyses. Transect data are presented in Jankowiak et al.
(2019).

2.2. Grazing experiments

To assess grazing pressures on bloom communities, experiments
were performed at two sample locations across both the Sandusky Bay
and Maumee Bay transects. Within each bay, one sampling location
within the epicenter of the bloom that had high cyanobacterial abun-
dance (Fig. 1, S3 & M2) and one location on the periphery of the bloom
that had lower cyanobacterial abundance and greater diversity of other
phytoplankton (e.g. diatoms; Fig. 1, S5 & M4) were chosen.

Two types of experiments were performed at each sampling site. The
first was a dilution experiment following the protocol of Landry et al.
(1995) with triplicate, 250 ml polycarbonate bottles of 100% whole
water with and without replete nutrient enrichment (20 pmol L !NO;5,
1.5 pmol Lt KyHPQ,4) as well as 75%, 50%, and 25% whole water
diluted with 0.2 pm filtered bloom water all with nutrient enrichment.
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Fig. 1. Map of the western basin of Lake Erie showing transect sites at Maumee Bay (M1-M5) and Sandusky Bay (S1-S6). Experiments were performed at sites M2,

M4, S2, and S5.

The theoretical basis for dilution experiments is that if nutrients are in
excess, as whole water is diluted the encounter rates of plankton are
reduced, decreasing grazing by abundant zooplankton (i.e. proto-
zooplankton) linearly as a function of dilution and thus, growth rates of
phytoplankton that are under grazing pressure increase. The second type
of experiment was a daphnid addition experiment where two different
sized daphnids were added to whole bloom water amended with replete
nutrients (as above) to assess potential grazing impacts. Daphnia magna
(~3 mm) was used to represent a large mesozooplankton while Daphnia
pulex (~1 mm) was used to represent a smaller mesozooplankton grazer.
D. pulex and D. magna (Aquatic Research Organisms, New Hampshire,
USA) were cultured in mineral water and fed a diet of Scenedesmus sp.
(grown on BG-11 media) ad libitum. Daphnids were naive, not exposed to
cyanobacteria or cyanotoxins prior to experiments. Individual D. pulex
and D. magna were transferred to clean mineral water 24 h prior to the
experiments to minimize contamination with Scenedesmus sp. Daphnids
were added at levels found during previous bloom events within lakes
(100 individuals L~! for D. pulex (Threlkeld, 1979; Sellner et al., 1993;
Camacho and Thacker, 2006) and 40 individuals L lforD. magna
Liirling (2003)) to triplicate 250 ml polycarbonate bottles. Our
sequencing efforts demonstrated that D. magna was present within the
CHABs in western Lake Erie. The triplicate set of nutrient replete bottles
without added grazers served as the control. All bottles were incubated
for 24 h in a flow through chamber located in the top 0.5 m of
Put-in-Bay, in the Western Basin, providing ambient temperature and
light conditions. Initial and final samples were obtained as described for
the transect for Fluoroprobe analyses, high throughput sequence ana-
lyses, and preservation of plankton with Lugol’s iodine. In addition,
samples were filtered onto glass fiber filters in triplicate and frozen in
-20 °C for fluorometric chlorophyll a analyses (Welschmeyer, 1994).
Daphnia spp. were shown to have survived during the experiment. The

net growth rates were calculated using the equation: g = [In(C,/Cy))]1/t
where g is the net growth rate per day, C;is the final cell concentration or
pigment value, C; is the initial cell concentration or pigment value, and t
is the time in days Frost (1972). Pigment data (BBE fluoroprobe and
chlorophyll a) were evaluated in regression analyses for the dilution
series following Landry et al. (1995) to obtain protozooplankton grazing
rates on total phytoplankton (chlorophyll a), classes of phytoplankton
(Fluoroprobe), and identified taxa (16S, 18S), as well as phytoplankton
growth of these groups in the absence of grazers. Comparisons between
growth were made between the nutrient amended control to the daph-
nid grazer additions, the 25% dilution, and no nutrient control.

2.3. DNA isolation, sequencing, and analyses

For the metabarcoding analyses, nucleic acids were first extracted
from samples (excluding added daphnids) using the cetyltrimethyl
ammonium bromide (CTAB) method (Dempster et al., 1999). Frozen
samples were placed into 1 ml CTAB lysis buffer with
beta-mercaptoethanol, warmed to 50 °C for 30 min then re-frozen at
-80 °C. Next, a chloroform extraction and isopropanol/sodium chloride
precipitation were performed to isolate the nucleic acids. Extracted DNA
was quantified on a Qubit fluorometer with a dsDNA BR Assay and
samples were normalized to the sample with the lowest quantity of DNA.
PCR amplification and amplicon sequencing were performed at Molec-
ular Research Laboratories in Shallowater, TX, USA.

To assess cyanobacterial community composition, the 16S rRNA
gene was amplified using a cyanobacterial specific primer set that allows
for differentiation between genera. The forward primer used was
CYA106F: 5’-CGG ACG GGT GAG TAA CGC GTG A-3’ and the reverse
primer was 530R: 5’-CCG CNG CNG CTG GCA C-3’ (Niibel et al., 1997;
Usher et al.,, 2004; Y. Wang & Qian, 2009). To assess eukaryotic
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community composition, an 18S rRNA primer set was utilized. The
primers were chosen to target the V7 region of the small subunit of 18S
rRNA. The forward primer used was 1183F: 5’-AAT TTG ACT CAA CAC
GGG-3’ and the reverse primer was 1631R: 5’- TAC AAA GGG CAG GGA
CG (Starke et al., 2016). Before PCR amplification each sample was
given an identifying barcode on the forward primer. Amplification was
conducted using the HotStarTaq Plus Master Mix Kit with the following
cycling conditions: 94 °C for 3 min, followed by 28 cycles of 94 °C for 30
s, 53 °C for 40 s and 72 °C for 1 min, after which a final elongation step at
72 °C for 5 min was performed. Amplification success was determined
by visualization of band intensity using a 2% agarose gel. Samples were
then pooled and purified using Ampure XP beads with the products used
to prepare a DNA library following Illumina TruSeq DNA library prep-
aration protocol and then sequenced on an Illumina MiSeq platform for
paired end reads (2 x 300) following the manufacturers guidelines.

All sequence data were processed using the Quantitative Insights into
Microbial Ecology (QIIME) 2 pipeline (Bokulich et al., 2018; Bolyen
etal., 2018). The QIIME2 pipeline begins by extraction of barcodes, then
demultiplexing, and denoising creating amplicon sequence variants
(ASVs). Then reference reads were extracted from a reference database
using the same primer sets as sequencing, which are then made into a
classifier using a naive Bayes methodology (Bokulich et al., 2018). The
Greengenes 97% sequence identity database was used as the reference
database for the 16S rRNA sequences and Silva database 99% sequence
identity was used for the 18S rRNA sequences. The classifier was then
applied to the sequences and taxonomy is assigned based on 100%
similarity resulting in taxonomically identified ASVs. Using the Green-
genes database 130 unique ASVs were produced and all chloroplast
sequences were removed. After filtering there were 26 different cyano-
bacterial ASVs from three known classes of cyanobacteria as well as two
ASVs maximally identified to the Cyanobacteria phylum and family
Nostocaceae (unresolved Nostococeae). Each experiment was analyzed
individually and any ASV that was present in less than 10% of the
samples was removed. After filtering the Maumee Bay epicenter site had
17 ASVs, the Maumee Bay periphery site had 10 ASVs, the Sandusky Bay
epicenter site had 14 ASVs, and Sandusky Bay periphery site had 17
ASVs. The relative abundance data found via sequencing was multiplied
by Fluoroprobe pigment data for cyanobacteria (ug L™) to produce
absolute concentrations of each taxa following the methods of Lusty and
Gobler (2020). Net growth rates of each taxa were then determined as
described above for the pigment data.

For 18S analyses, using the Silva database, 296 different ASVs were
identified. All suspected contaminate ASVs, fungi, and any ASV that was
present in less than 10% of samples was removed from analyses leaving
133 unique ASVs. 18S ASVs belonged to 16 different phyla; Amoebozoa,
Chlorophyta, Heliozoa, Cryptista, Euglenozoa, Haptophyta, Sulcozea,
Choanozoa, Arthropoda, Mollusca, Rotifera, Ciliophora, Miozoa, Cer-
cozoa, Bigyra, and Ochrophyta. There were also three ASVs that were
only classified to higher classifications; Opisthokonta, Stramenopiles,
Alveolata, and one classified simply to Eukaryota (unresolved Eukar-
yota). For the one site that had Fluoroprobe data for the diatoms
(Maumee Bay periphery site, M5), the relative abundance data for
identified diatoms via sequencing was combined with Fluoroprobe data
for brown algae (ug L™1) to produce absolute concentrations of each
taxa. Net growth rates of each taxa were then determined as described
above for the pigment data. Sequence data from this study have been
deposited in GenBank (accession number PRINA753822).

2.4. Statistical analyses

Statistical analyses were performed using R software 1.3.1056 (R
Core Team, 2020). Data were tested with a Shapiro-Wilk test for
normality and log transformed to normal when non-normal. For the
grazer addition experiments one-way analysis of variance (ANOVAs)
were performed to test for significant differences between phyto-
plankton growth in the amended control compared to the daphnid
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additions. A Tukey post hoc test was used following the ANOVA to
determine significant differences among groups. T-tests were performed
comparing the growth rates of each taxa or pigment in the whole water
control with added nutrients and the 25% dilution with nutrients to
assess relative protozooplankton grazing pressure. T-tests were also used
to compare the no nutrient controls in Maumee Bay to the whole water
control with added nutrients to assess changes in growth rates due to
nutrient additions. In addition regressions were preformed to quantify
grazing rates of protozooplankton following traditional methods
(Landry and Hassett, 1982; Landry et al., 2008). In 32 out of 35 cases
(92%), experiments displaying significant correlations between dilution
of lake water and net growth rates of a given taxa calculated using four
dilution levels (25%, 50%, 75%, 100% lake water; Landry and Hassett
(1982)), also showed significant correlations between dilution of lake
water and net growth rates calculated using two dilution levels (25% &
100% lake water; Landry et al. (2008)), and a significant difference
between the net growth rates in the 25% dilution treatment and the
nutrient amended control as calculated using the growth formula stated
above (Supplementary Table 1). Hence, while the results section focuses
on net growth rates differences between the 25% dilution treatment and
the nutrient amended control, such differences are largely (92%)
consistent with differences in grazing rates as determined using Landry
dilution experimental approaches (Landry and Hassett, 1982; Landry
et al., 2008).

3. Results

Temperatures were between 19 °C and 21 °C across western Lake
Erie during September 2015 (Table 1). Cyanobacteria were, fluoro-
metrically, the dominant phytoplankton groups within all sampling lo-
cations, while green algae were fluorometrically below detection limits
at all sites. Brown algae were fluorometrically detected at the Maumee
Bay periphery site only and microscopic analyses revealed these were
almost exclusively diatoms. Initial fluorometric concentrations of cya-
nobacteria within Maumee Bay were 58.7 pg L™! at the epicenter and
10.9 pg L at the periphery while levels in Sandusky Bay were 128 ug
L7! at the epicenter and 40.7 ug L™ at the periphery (Table 1). Brown
algae concentrations were 16.6 pg L™! at the Maumee Bay periphery
(Table 1). Beyond differences in the absolute levels of cyanobacteria,
cyanobacterial community composition and abundances differed across
sites (Fig. 2). Sandusky Bay was dominated by Planktothrix (periphery:
45.2%, 16.8 pg L™Y; epicenter: 53%, 46.1 ug L) and Synechococcus
(periphery: 29%, 10.4 pg LY epicenter: 37.7%, 32.8 ug L™Y) with
Dolichospermum appearing at higher concentrations at the peripheral site
(8%, 3 ug L™1) (Fig. 2). In Maumee Bay, Planktothrix dominated at the
epicenter (33%, 14.7 ug L™1) while Microcystis (43.5%, 0.5 pg L™) was
the most abundant ASV at the periphery site (Figs. 2). Synechococcus
(epicenter: 41%, 18.3 ug L™%; periphery 24.6%, 0.3 pg L™1) and Doli-
chospermum (epicenter 6%, 2.7 ug L™1; periphery 17.8%, 0.2 pg L™)
were also abundant at both Maumee Bay sites (Figs. 2). Regarding eu-
karyotes, at the Maumee Bay epicenter site the top eukaryotic phyla
were Ochrophyta (34.6%), Arthropoda (28.5%), unresolved Eukaryota
(6.9%), Rotifera (6.7%), and Cryptista (5.7%) with all other phyla
comprising 18% (Fig. 3). At the Maumee Bay periphery, the top five
eukaryotic phyla were Ochrophyta (46.7%), Cryptista (8.8%), Rotifera
(7.9%), unresolved Eukaryota (7.1%), and Ciliophora (6.6%), with other
phyla making up 23% (Fig. 3). At the Sandusky Bay epicenter, the top
eukaryotic phyla were Arthropoda (33%), Cryptista (25.6%), Ciliophora
(13.6%), Ochrophyta (10.3%), and Miozoa (5%), with all others
comprised 12.5% (Fig. 3). At the Sandusky Bay periphery, the top
eukaryotic phyla were Arthropoda (57.2%), Ochrophyta (9.6%), Cryp-
tista (8.7%), Ciliophora (6.3%), and Mollusca (3.1%) with all others
representing 15% (Fig. 3). Within the Arthropoda phylum copepods
(cyclopoid and calanoid) were dominant, but D. magna were also shown
to be present at all sites.
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Table 1
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Concentration of phytoplankton pigments and temperatures at each study site. ND is not detected. The + are standard deviations.

Experimental Site Cyanobacteria (ug L") Diatoms (ug L) Chlorophyll a (ug L™ 1) Latitude Longitude Temperature (°C)
Maumee Bay epicenter 58.7 £0.75 ND 32.3 £1.22 41.73 -83.34 19
Maumee Bay periphery 10.9 £1.2 16.6 £2.8 22.42 £0.15 41.73 -83.15 20.9
Sandusky Bay epicenter 128 +0.52 ND 44.32 + 8.8 41.48 -82.8 19.1
Sandusky Bay periphery 40.7 £0.35 ND 20.95 +0.43 41.5 -82.68 19.3
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Maumee Bay Maumee Bay Sandusky Bay Sandusky Bay
epicenter periphery epicenter periphery
unresolved Cyanobacteria Oscillatoriophycideae Synechococcus spp.
Nostocaceae Chroococcales Microcystis sp.
Rhaphidiopsis spp. Planktothrix sp. Gomphosphaeriaceae

Dolichospermum sp.

Pseudanabaena sp.

Fig. 2. Cyanobacterial density using the 16S sequence and fluoroprobe combined data for all sites; Maumee Bay epicenter (M2), Sandusky Bay epicenter (S2) and
Sandusky Bay periphery (S5; Fig. 1). The inset represents an expanded view of Maumee Bay periphery (M4; Fig. 1).

3.1. Maumee Bay epicenter experiment

While net growth rates of cyanobacteria and the total phytoplankton
community (chlorophyll a) were ~0.25 per day in the nutrient amended
control during the Maumee Bay epicenter experiment, these growth
rates became significantly lower and negative in the D. magna and
D. pulex treatments (Fig. 4A). While dilution of protozooplankton had no
effect on cyanobacterial growth rates, chlorophyll a-based growth rates
were significantly higher than the nutrient amended control in the
dilution treatment (Fig. 4A). The addition of nutrients also significantly

enhanced the growth of both cyanobacterial and chlorophyll a pigments
relative to the unamended control (Fig. 4A). In addition, there was
significant enhancement of the net growth rates of Microcystis, Pseuda-
nabaena, Synechococcus, and unresolved Nostocaceae with the addition of
nutrients compared to the unamended control treatment (p<0.05 for all;
Fig. 4B).

The top cyanobacterial ASVs at the Maumee Bay epicenter were
Planktothrix (32.9%), Synechococcus (41.1%), Microcystis (8.5%), Pseu-
danabaena (6.4%), and Dolichospermum (6%). Almost all groups, with
the exception of Dolichospermum, displayed positive growth rates within
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Maumee Bay Maumee Bay Sandusky Bay Sandusky Bay
epicenter periphery epicenter periphery
Cryptista Ciliophora Miozoa
Arthropoda Other || unresolved Eukaryote
Mollusca Ochrophyta Rotifera

Fig. 3. 18S sequence data relative abundances for the top six phyla for all sites; Maumee Bay epicenter (M2), Sandusky Bay epicenter (S2) and Sandusky Bay
periphery (S5). The inset represents an expanded view of Maumee Bay periphery (M4; Fig. 1). Bolded phyla represent predominately heterotrophic phyla.

the nutrient amended control treatment ranging from 0.02 — 0.92 per
day (Fig. 4B). The addition of D. magna resulted in a significant decrease
in, and sharply negative, growth rates for Raphidiopsis
(=Cylindrospermopsis) and unresolved Nostocacaea (-0.34 and -0.77 per
day respectively; Fig. 4B). Although Planktothrix, Synechococcus, Psue-
danabaena, and Dolichospermum were abundant taxa, the addition of
D. magna had no significant effect on growth of these taxa. While the
addition of D. pulex resulted in a significantly lowered and strongly
negative growth rate for Synechococcus (-0.44 per day; p < 0.05, Fig. 4B),
it had no significant effect on growth rate of Planktothrix, Pseudana-
baena, or Dolichospermum at this site (Fig. 4B). In contrast, following
protozooplankton dilution, Dolichospermum, Planktothrix, and Synecho-
coccus all experienced significantly higher growth rates compared to the
nutrient amended control (p < 0.05 for all, Fig. 4B). Among these four
genera, Planktothrix and Synechococcus experienced the largest (>1 per
day) and most significant increases in growth within the 25% dilution
treatment (Fig. 4B). Despite being one of the most abundant taxa at the
Maumee Bay epicenter site, the addition of either daphnid or the dilu-
tion of grazers did not significantly alter the growth rates of Microcystis.

3.2. Maumee Bay periphery experiment

For the Maumee Bay periphery experiment, net growth rates of
cyanobacteria, brown algae, and chlorophyll a were -0.03, 0.22, and
0.34 per day in the nutrient amended control (Fig. 5A). Within the

D. magna and D. pulex treatments, growth rates of all three groups
became negative and were significantly lower than the nutrient amen-
ded control (p < 0.001 for all), with the declines in brown algal growth
rates being significantly larger than those of cyanobacteria (p < 0.001;
Fig. 5A). Net growth rates of brown algae in the D. magna treatment
were significantly lower than those in the D. pulex treatment (p < 0.05;
Fig. 5A). Within the protozooplankton dilution treatment, brown algal
growth rates significantly increased (p < 0.001) whereas cyanobacterial
growth significantly decreased (p < 0.05) and chlorophyll a-based
growth did not differ from the nutrient amended control (Fig. 5A).
Brown algal growth also significantly increased with nutrient addition
compared to the unamended control (p < 0.05) while total cyano-
bacterial and chlorophyll a did not. The addition of nutrients did,
however, significantly enhance the net growth rates of Microcystis,
Dolichospermum, Planktothrix, and Synechococcus relative to the un-
amended control (p < 0.05 for all; Fig. 5B).

The top ASVs at the Maumee Bay periphery were Microcystis
(43.5%), Synechococcus (24.6%), Dolichospermum (17.8%), and Plank-
tothrix (8.6%). Of these, both Dolichospermum and Synechococcus dis-
played significantly lower growth rates relative to the nutrient amended
control treatment when D. magna and D. pulex were added (p < 0.05 for
all, Fig. 5B). Growth rates of Dolichospermum were ~0.5 per day in the
nutrient amended control but declined to near zero in both daphnid
treatments while Synechococcus growth rates were ~1.3 per day in the
control and declined to ~0.3 in the daphnid treatments (Fig. 5B). In
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Fig. 4. A) Net growth rates of cyanobacterial pigments and chlorophyll a when Daphnia spp. were added and during the 25% dilution at the Maumee Bay epicenter
(station M2, Fig. 1). Asterisks indicate rates that were significantly different from the nutrient amended control and color indicates which pigment was significant. B)
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Fig. 5. A) Net growth rates of cyanobacterial, chlorophyll a, and brown algae pigments when Daphnia spp. were added as well as when water was diluted to 25% at
the Maumee Bay periphery (station M4, Fig. 1). Asterisks indicate significance from the nutrient amended control and color indicated which pigment was significant.
B) Net growth rates of each cyanobacterial genus that had one treatment that was significantly different from the nutrient amended control using the combined 16S

sequence and fluoroprobe data for Maumee Bay periphery. Asterisks represent treat

contrast, Microcystis, despite being the most abundant cyanobacteria
(43.5%) was unaffected by either daphnid but displayed significantly
lower growth rates compared to the nutrient amended control when the
water was diluted to 25% (p < 0.05, Fig. 5B). Planktothrix was not
significantly affected by any treatment (Fig. 5B).

ments that were significantly different from the nutrient amended control.

The Maumee Bay periphery site was the only locale with fluoro-
metrically measurable levels of brown algae, allowing the growth re-
sponses of individual diatom taxa to be assessed. Growth was positive in
the nutrient amendment control for Nitzschia, Actinocyclus, and Aula-
coseira, but negative for Thalassiosira and Skeletonema. When either
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D. pulex and D. magna was added, Nitzschia, Skeletonema, Thalassiosira,
Actinocyclus, and Aulacoseira all displayed negative and significantly
lowered growth rates relative to the nutrient amended control (p < 0.05
for all, Fig. 7), with the growth rates Actinocyclus, and Aulacoseira
declining to < -1.5 per day, but those of Nitzschia, Skeletonema, and
Thalassiosira declining only modestly (Fig. 7). Responses to the dilution
of lake water were more modest with both Thalassiosira and Skeletonema
displaying significantly increased growth rates in this treatment
compared to the nutrient amended control (p < 0.05 for both; Fig. 6).

3.3. Sandusky Bay epicenter experiment

During the Sandusky Bay bloom epicenter experiment, the growth
rates of total cyanobacteria and total phytoplankton based on pigments
were ~ 0.2 per day in the nutrient amended control treatment (Fig. 7A).
When D. pulex or D. magna were added, the growth rates of cyanobac-
teria and total phytoplankton became negative and were significantly
lower than the amended control (Fig. 7A). Lake water dilution slightly
increased net growth rates for both groups, but not significantly
(Fig. 7A).

The growth rates of the three most abundant cyanobacterial ASVs in
the nutrient amended control at the Sandusky Bay epicenter site,
Planktothrix (53%), Synechococcus (37.7%), and Pseudanabaena (4.4%)
were 0.45d7%, 0.6 d7!, and 0.27 d~%, respectively (Fig. 7B). The growth
rate of Planktothrix became significantly lower than the nutrient amen-
ded control in the D. pulex and D. magna treatments (p < 0.0001 for
both) with a large decrease of -2.3 per day when D. magna were added
(Fig. 7B). In contrast there was no significant change in growth with the
addition of either daphnid for Pseudanabaena or Synechococcus (Fig. 7B).
There were significantly higher growth rates for Planktothrix, Synecho-
coccus, and Pseudanabaena in the 25% dilution treatment relative to the
nutrient amended control (p < 0.05, Fig. 7B) with the net growth rates of
Planktothrix and Synechococcus exceeding 1.5 per day and the net growth
of Pseudanabaena reaching ~ 1 per day (Fig. 7B). The addition of either
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daphnid and the dilution of grazers did not significantly alter the growth
rates of Microcystis or Dolichospermum.

3.4. Sandusky Bay periphery experiment

While cyanobacterial and chlorophyll a-based growth rates were
0.22 and 0.25 per day within the nutrient amended control treatment at
the Sandusky Bay periphery site, the addition of either daphnid species
caused these rates to become negative and significantly lower than this
control treatment (p < 0.05 for all; Fig. 8A). Dilution of water from the
Sandusky Bay periphery site resulted in a significant increase in chlo-
rophyll a-based growth rates compared to the nutrient amended control
(p < 0.05) but did not alter cyanobacterial growth rates (Fig. 8A).

Within the Sandusky Bay periphery site, altering grazing pressure
caused eight different cyanobacterial taxa to experience significantly
different growth rates relative to the amended control (Fig. 8B). The
addition of D. pulex and D. magna caused the growth rates of Plankto-
thrix, Synechococcus, Pseudanabaena, and unresolved Cyanobacteria to
all become strongly negative and significantly lower than the nutrient
amended control treatment (p < 0.005 for all; Fig. 8B). These taxa were
also some of the most abundant at this site (45%, 29%, 9%, and 5%
respectively). The addition of D. pulex and D. magna also reduced the
growth of unresolved Nostocaceae to a level significantly lower than the
nutrient amended control, although the resulting growth rates were
slightly positive and slightly negative, respectively (p < 0.05 for all;
Fig. 8B). D. pulex reduced the growth rate of Microcystis to levels
significantly lower than the nutrient amended control (p < 0.005), but
still higher than all other cyanobacteria within this treatment (Fig. 8B),
while the addition of D. magna or dilution to 25% had no significant
effect on this genus. Planktothrix and Dolichospermum experienced
growth rates significantly greater than the nutrient amended control
when the bloom was diluted to 25% (p < 0.05 for all), with growth rates
for Planktothrix going from negative in the control to greater than one
per day in this treatment (Fig. 8B).
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Fig. 6. Net growth rates of different diatom genera when D. pulex or D.magna were added or water was diluted to 25% whole water at the Maumee Bay periphery
(station M4, Fig. 1). Asterisks represent treatments that were significantly different from the nutrient amended control.
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Fig. 8. A) Net growth of cyanobacterial and chlorophyll a pigments when daphnia were added as well as when water was diluted to 25% at the Sandusky bay
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4. Discussion differential effects of zooplankton grazing and nutrients on multiple
cyanobacterial genera in Lake Erie. The ability to quantify net growth

This study used a novel approach that combined fluorometry, high rates of individual genera of phytoplankton, regardless of size or
throughput sequencing, and incubation experiments to assess abundance, under differing nutrient and grazing pressure scenarios
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provided unique insight regarding factors driving the dominance of
specific cyanobacterial genera during blooms. While multiple genera
were commonly grazed by daphnids and protozooplankton and
benefited from nutrient enrichment during this study, Microcystis was
distinguished as the cyanobacteria genus that was the least commonly
grazed by all classes of zooplankton and also most commonly benefited
from nutrient enrichment, providing new perspective on the dominance
of this CHAB in Lake Erie.

4.1. Nutrient effects on cyanobacteria genera in Maumee Bay

Nutrient enrichment enhanced the growth of the cyanobacteria at
the Maumee Bay epicenter site, with Microcystis and Synechococcus being
the genera that grew significantly faster in the presence of excess nu-
trients. At the Maumee periphery site, nutrient loading yielded signifi-
cant increases in Microcystis, Dolichospermum, Planktothrix, and
Synechococcus. These results are consistent with prior nutrient CHAB
studies (Paerl et al., 2015), including those in Maumee Bay (Chaffin
et al., 2013, 2014) indicating that nutrient loading can selectively pro-
mote the growth of specific genera of toxic cyanobacteria. Among the
genera considered in this study, Microcystis was the only potentially
toxic genus that benefited from nutrient loading in all experiments
where effects on multiple genera were considered. While there were
strong and consistent changes in phytoplankton growth rates due to
altered grazing pressure across all experiments, the response of specific
taxa was more nuanced.

4.2. Zooplankton grazing on phytoplankton communities

This study explored the dynamics of the lower levels of the food web,
specifically zooplankton grazing, that are often oversimplified when
considering CHAB occurrence (Sigee et al., 1999; Ger et al., 2014).
While changes in the abundance of algal groups may have been caused
directly or indirectly by the intensification (i.e. daphnid additions) or
relaxation (i.e. dilution) of grazing pressure, the approach used here
demonstrated the differential susceptibility of distinct algal groups and
genera to zooplankton grazing in western Lake Erie.

Cyanobacterial and chlorophyll a-based growth rates significantly
declined in all eight experimental instances when Daphnia spp. were
added across western Lake Erie. Beyond direct grazing by these daph-
nids, trophic cascades, prey switching, and changes in the structure of
microbial food webs could have also contributed to these trends (Car-
penter et al., 1985; Polis and Strong, 1996; Becks et al., 2005). Re-
sponses of specific cyanobacterial taxa to experimental manipulation of
grazing pressure, in some cases, differed across sites, an outcome that
could also have been influenced by the relative importance of these
other processes at each site as well as density dependent predation
(Munawar et al., 1999; Lavrentyev et al., 2004; Heath et al., 2010).
Trophic cascades have been well-studied in terms of CHAB dynamics,
although most such studies have concentrated on the effects of fish
predation on larger daphnids (Dawidowicz, 1990; Carpenter et al.,
1995; Ekvall et al., 2014; Ersoy et al., 2017). Since the effects of trophic
cascades are most commonly observed two trophic levels below the level
of disturbance and since daphnids always caused a decrease, and not an
increase, in algal abundance during this study, it would seem that the
consistent decline in phytoplankton in experiments with daphnids was
likely due to direct predation and not a trophic cascade. In support of
this notion, larger daphnids such as the species used here are more
effective at controlling plankton populations and preventing CHABs
than smaller daphnids (Christoffersen et al., 1993).

Diatoms were present at all sites but were detectable via fluorescence
only at the Maumee Bay periphery site where other phytoplankton flu-
orometrically detected as brown algae such as dinoflagellates and
raphidophytes (Jankowiak et al., 2019) were absent. In this experiment,
brown algae and cyanobacteria were at similar abundances (17 pg L™}
and 11 pg L™ respectively), but daphnid grazing caused a significantly
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larger decline in brown algae net growth rates compared to cyanobac-
teria. In addition the large diatoms (12 — 50 um) Actinocyclus and
Aulacoseira, were more intensely grazed by daphnids than other diatom
genera. This indicates diatoms were likely the most palatable prey for
daphnids relative to cyanobacteria at the Maumee Bay periphery site
and perhaps elsewhere, a conclusion consistent with prior studies (Ful-
ton, 1988; Epp, 1996; Work and Havens, 2003). Diatoms are also known
to be a preferred prey of protozooplankton (Leonard and Paerl, 2005;
Boyer et al., 2011). The net growth rates of brown algae (inclusive of
diatoms) significantly increased when lake water was diluted and
became significantly greater than cyanobacteria (-0.54 d~! versus 1.73
d™1) suggesting the protozooplankton community was exerting heavy
grazing pressure on diatoms but were not consuming cyanobacteria
which did not experience enhanced net growth after dilution. While
larger diatoms were ingested more by daphnids, it was the smaller di-
atoms, Skeletonema and Thalassiosira, that experienced significantly
increased net growth upon dilution and thus were seemingly preferen-
tially consumed by protozooplankton (Suzuki et al., 2002; Boyer et al.,
2011).

4.3. Grazing effects on cyanobacterial genera

Synechococcus is one of the most abundant cyanobacteria on the
planet and represented a large percentage (25-41%) of the cyano-
bacterial sequences present in Lake Erie. This genus was significantly
affected by at least one zooplankton grazing treatment during all ex-
periments. Regarding daphnids, Synechococcus displayed significantly
decreased growth in two of four D. magna treatments and in three of four
D. pulex treatments (Table 2). Daphnia spp. are thought to be generalist
grazers, consuming prey within their edible size range in ratios similar to
their natural abundances (DeMott, 1982; Ger et al., 2018) and, as stated
above, Synechococcus was ubiquitously abundant during this study.
Daphnia spp. can consume and survive on Synechococcus (Lampert,
1981; Callieri et al., 2004; Martin-Creuzburg et al., 2008), D. pulex has
been shown to feed on Synechococcus in Lake Erie (Davis et al., 2012),
and D. magna can efficiently feed on particles as small as 0.6 pm (Geller
and Miiller, 1981). Given this and that facilitation of decreased growth
of Synechococcus via a trophic cascade would require changes across at
least three levels of the food chain, it would seem the daphnids were
directly grazing on Synechococcus. There were significant increases in
net growth of Synechococcus when water was diluted at bloom epicenter
sites suggesting that Synechococcus was under significant grazing pres-
sure by the protozooplankton communities in the areas with the densest
cyanobacterial blooms. This finding is consistent with literature
demonstrating that protozooplankton preferentially graze Synecho-
coccus at rates that match their growth in the Great Lakes (Fahnenstiel
etal., 1991; Gobler et al., 2008; Davis et al., 2012) but also suggests that
this grazing pressure may be more pronounced during denser CHABs
perhaps due to the absence of other preferred prey items (Boyer et al.,
2011).

Planktothrix comprised the largest portion of the sequenced cyano-
bacterial community in three of the four sites studied here (all but
Maumee Bay periphery) and is a public health concern due to its ability
to produce microcystin (Sivonen and Jones, 1999; Davis et al., 2015;
Steffen et al., 2015). While Planktothrix is known to be the dominant
cyanobacterial taxa in Sandusky Bay (Harke et al., 2016), in this study it
was found to be the dominant cyanobacteria in both bays. This deviation
could be explained by Planktothrix dominance shown in the Maumee
River (Kutovaya et al., 2012) and potential differences in river flow
during this year that allowed for this population to further enter and
establish within the bay. Daphnia spp. have been shown to be poor
grazers of this filamentous algae, experiencing declining grazing with
increasing filament length of Planktothrix (Oberhaus et al., 2007) and a
heightened sensitivity to harmful secondary metabolites produced by
this genus (Blom et al., 2003; Rohrlack et al., 2005; Schwarzenberger
et al., 2020). D. magna can experience reduced survival and disrupted
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Table 2
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The change in net growth rate with each treatment relative to the control for each taxa and pigment at each site. Up arrows indicate growth that was higher than the
control and down arrows indicate growth that was lower than the control. The arrows are significant changes, the dash indicates no significant change and ND indicates

that taxa or pigment was not detected at that site.

Maumee Bay epicenter Maumee Bay periphery Sandusky Bay epicenter Sanduky Bay periphery
D. pulex D.magna  25% D. pulex D.magna  25% D.pulex D.magna  25% D. pulex D.magna  25%
dilution dilution dilution dilution
Pigment
Chlorophyll a 1 1 - 1 1 1 1 T 1 1
Cyanobacteria | 1 | | 1 - 1 1 1 1 | -
Brown algae | l 1 ND ND ND ND ND ND ND ND ND
Taxa
Unresolved - - - - - - - - - 1 | -
Cyanobacteria
Unresolved - 1 - ND ND ND ND ND ND | | |
Nostocaceae
Dolichospermum sp. - - 1 | | - - - - - - 1
Microcystis sp. - - - - - - - - | - 1
Planktothrix sp. - - 1 - - - 1 | | 1
Pseudanabaena sp. - - - - - - - - 1 1 | -
Synechococcus spp. | - 1 | | - - - 1 | | -
Raphidiopsis spp. - 1 - ND ND ND ND ND ND ND ND ND
Nitzschia sp. ND ND ND | 1 - ND ND ND ND ND ND
Skeletonema sp. ND ND ND | | 1 ND ND ND ND ND ND
Thalassiosira sp. ND ND ND 1l 1 ) ND ND ND ND ND ND
Actinocyclus sp. ND ND ND | 1 - ND ND ND ND ND ND
Aulacoseira sp. ND ND ND 1 1 - ND ND ND ND ND ND

reproduction when fed Planktothrix spp. (Dao et al., 2016). Still, during
this study both daphnid species were capable of significantly reducing
the abundances of Planktothrix in Sandusky Bay where this genus
comprised ~50% of cyanobacterial sequences, but not in Maumee Bay
where it was less abundant (8-33%). This suggests the grazing pressure
of daphnids on Planktothrix may have been partly dependent on its
relative abundance, a conclusion consistent with the concept of daph-
nids being generalist predators (DeMott, 1982; Ger et al., 2018). While
filament size was not measured, it is also possible that the formation of
larger thicker, filaments within Maumee Bay provided a grazing refuge
against daphnids (Kurmayer and Jiittner, 1999; Oberhaus et al., 2007).
In addition chytrids, which although not in high abundance were pre-
sent within the sequences, are known to facilitate grazing on cyano-
bacteria, specifically filamentous forms via shortening of filaments
(Agha et al., 2016; Frenken et al., 2020) and may have aided in the
daphnid grazing seen in Sandusky Bay. In contrast to the daphnid
treatments, Planktothrix net growth rates increased across all sites in the
dilution treatments with the increase being statistically significant in
three of four experiments, suggesting that the protozooplankton com-
munity exerted substantial grazing pressure on these cyanobacteria.
Among the protozooplankton, ciliates are known to effectively graze
Planktothrix (Combes et al., 2013; Dazley, 2018) and there was a high
relative abundance of ciliates (i.e. Ciliophora) at most of these sites
(5-14% of eukaryotic sequences). Copepods are also known to prey on
ciliates, specifically in highly eutrophic conditions (Burns and Schal-
lenberg, 2001) which may in turn account for the higher copepod
abundances (Arthropoda 28-57% of 18S sequences) at the three sites
where Planktothrix was in high abundance. Regardless, among the
bloom-forming cyanobacteria in Lake Erie, Planktothrix was the most
consistently grazed genera.

Dolichospermum (Anabaena) was present at modest abundances
across most sites during this study (1-17% of cyanobacteria sequences;
0.2-3 pg L™Y) and is suspected of producing anatoxin-a within western
Lake Erie (Steffen et al., 2015). Although anatoxin-a producing strains of
Dolichospermum can have negative effects on Daphnia spp. (DeMott et al.,
1991; Kirk and Gilbert, 1992; Claska and Gilbert, 1998), this
chain-forming alga experienced reduced growth at three sites when
Daphnia spp. were added, but significantly so only at the Maumee Bay
periphery site. This is consistent with the idea that some Daphnia spp.
are able to graze Dolichospermum effectively, although rates can be
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strain-dependent (Gilbert and Durand, 1990; Epp, 1996; Urrutia--
Cordero et al., 2016). In addition, like Planktothrix, filament length, size,
or form could also account for differences in grazing pressures between
sites. Dolichospermum growth increased following lake water dilution at
three of four sites with increases being significant at two sites suggesting
that the protozooplankton community was exerting significant grazing
pressure on Dolichospermum. While some types of protozooplankton are
able to graze Dolichospermum (Anabaena) species (Dryden and Wright,
1987; Gobler et al., 2007), others cannot (Boyer et al., 2011). Regard-
less, Dolichospermum was seemingly grazed by both daphnids and pro-
tozooplankton at multiple locations across western Lake Erie during this
study.

Raphidiopsis was only detected at the Maumee Bay epicenter site,
where D. magna caused a significant reduction of its net growth rates,
suggesting this daphnid was able to consume this genus despite potential
deterrents (toxicity, filaments; Nogueira et al., 2004; Ferrao-Filho et al.,
2014). While this finding contrasts with prior studies that have high-
lighted the negative effects of this filamentous cyanobacteria on Daphnia
spp. growth (Nogueira et al., 2004; Bednarska et al., 2011, 2014) and
grazing (Panosso & Liirling, 2010), those studies examined grazing at
high densities of Raphidiopsis (> 5 x 10° cells ml_l). If the effects of
Raphidiopsis on D. magna are dose-dependent, the low absolute and
relative abundance (<1%) in Maumee Bay would have lessened its
inhibitory effects. Again, filament length was not measured in this study
but it is also plausible that Raphidiopsis was present as smaller, more
consumable filaments (Bednarska et al., 2014).

Pseudanabaena forms thin (~1 um), solitary filaments that are less of
a morphological hinderance for zooplankton compared to cyanobacteria
that form large filamentous colonies (Oberhaus et al., 2007). Like
Planktothrix and Synechococcus, there was significant grazing pressure
on Pseudanabaena by the protozooplankton community at the bloom
epicenter sites but not at the periphery site in Sandusky Bay. This sug-
gests protozooplankton grazing, or perhaps the detection of zooplankton
grazing, of this genera was, in part, density dependent, and that proto-
zooplankton tend to graze Pseudanabaena in plankton mixed commu-
nities (Liu et al., 2019). Conversely, Pseudanabaena net growth rates
were significantly reduced at the Sandusky Bay periphery site when
Daphnia spp. were added. While D. magna is able to consume Pseuda-
nabaena (Olvera-Ramirez et al., 2010), extracts from Pseudanabaena can
be harmful to this daphnid (Olvera-Ramirez et al., 2010; Nguyen et al.,
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2020). Similar to the case of Raphidiopsis, since Pseudanabaena was in
relatively low abundance (8%) at this site, it is possible densities were
below the threshold of harm for this daphnid.

Patterns of zooplankton grazing on Microcystis differed from all other
cyanobacteria genera. Microcystis formed a large portion of the cyano-
bacterial community in the Maumee Bay (8-44%, 3.8-0.5 pg L™1), but
was a smaller portion (~1%) in Sandusky Bay. Across all locations,
however, Microcystis was the cyanobacterial genera most resistant to
grazing during this study. Zooplankton grazing of this genus was
detected in only one of 12 experiments (Sandusky Bay epicenter with
D. pulex) and its decline in net growth rate when exposed to D. pulex was
significantly smaller than the five other cyanobacterial genera that also
experienced declines in this same experiment. The complete absence of
detectable grazing effects on this genera during the 11 other experi-
ments was consistent with our hypothesis and prior studies showing that
this genus is largely grazing resistant (DeMott, 1999; Harke et al., 2016).
Microcystis causes reductions in reproductive output, survival, and
ingestion rate in many daphnids (Laurén-Maatta et al., 1997; DeMott,
1999; Rohrlack et al., 2001) including D. pulex (Reinikainen et al., 1994;
Hietala et al., 1997) and D. magna (Sarnelle et al., 2010). It is generally
accepted that microcystin is not the major causative agent of harm to
Daphnia spp. (Jungmann and Benndorf, 1994; Wilson et al., 2006), as
non-microcystin producing strains also reduce Daphnia spp. survival
(Liirling, 2003; Liirling and Esther, 2003). Microcystis produces many
harmful metabolites (Carmichael, 1992; Huang and Zimba, 2019)
including a suite of protease inhibitors (Weckesser et al., 1996) that
negatively impact the digestive systems of Daphnia spp. (Agrawal et al.,
2005; Chen et al., 2005) and reduce grazing rates (DeMott, 1999). The
proteases trypsins and chymotrypsins (Von Elert et al., 2004) have
specifically been shown to have negative effects on D. magna digestive
systems causing reduced growth (Agrawal et al., 2005). Harke et al
(2017) demonstrated that Microcystis upregulates biochemical pathways
associated with colony formation to deter grazing by D. pulex and
D. magna. Still, D. pulex can be an effective grazer of Microcystis, espe-
cially when a bloom is in decline or when the ratio of Daphnia to
Microcystis is larger (Gobler et al., 2007; Harke et al., 2017), perhaps
accounting for the minor decline in Microcystis caused by D. pulex at the
Sandusky Bay periphery site. Furthermore, excretion and nutrient
recycling via zooplankton grazing can also enhance the growth of
Microcystis (Lehman, 1980).

While Microcystis is well-known for deterring grazing by larger
zooplankton, protozooplankton are thought to be less affected by cya-
nobacterial deterrents and are more effective grazers of cyanobacteria
(Fulton and Paerl, 1987; Kim et al., 2006; Wilken et al., 2010) including
Microcystis (Gobler et al., 2007; Davis et al., 2012). During this study,
however, contrary to our hypothesis, Microcystis net growth rates were
unaffected by dilution at the two epicenter sites and net growth rates
actually significantly decreased due to dilution at both periphery sites,
suggesting the protozooplankton community was not exerting signifi-
cant control on this genus, a finding consistent with prior studies (Davis
and Gobler, 2011). Protozooplankton have been shown to exhibit
selectivity against cyanobacteria in favor of other prey (such as di-
atoms), which could aid in promotion of the CHAB due to reduced grazer
pressure (Leonard and Paerl, 2005; Boyer et al., 2011). The ability of
Microcystis to upregulate biochemical pathways associated with colony
formation in response to zooplankton (Harke et al., 2017) could also
create size mismatches between some protozooplankton and Microcystis
(Long et al., 2007).

Differences in Daphnia spp. clones and genetic diversity has been
shown to be important when considering resistance to cyanobacterial
deterrents (Lemaire et al., 2012; Schwarzenberger et al., 2012; Kuster
and Von Elert, 2013). Eutrophic water bodies are more likely to expe-
rience CHABs and daphnids from eutrophic systems that regularly
experience CHABs are more resistant to cyanobacterial deterrents
(Hairston Jr. et al., 1999, 2001; Gustafsson and Hansson, 2004; Sarnelle
and Wilson, 2005) and are more able to readily graze CHABs
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(Gustafsson and Hansson, 2004; Chislock et al., 2013). In addition,
resistance can be passed down through maternal traits enabling suc-
cessive generation to be better adapted to consuming CHABs (Gus-
tafsson et al., 2005; Jiang et al., 2013; Lyu et al., 2016; Akbar et al.,
2017). Since the current experiments were performed using naive
daphnia (never exposed to CHABs prior to experiments), their grazing
patterns may have differed from native populations (Davis and Gobler,
2011) that might be more resistant to any deleterious effects (Lemaire
et al., 2012). The results of these experiments, however, demonstrate
that even naive daphnids can consistently graze many cyanobacterial
taxa, even without prior exposure.

4.4. Methodological considerations

The combined use of fluorometry, high throughput sequencing, and
experiments generated a unique data set regarding cyanobacterial re-
sponses to environmental drivers in Lake Erie. One of the benefits of the
approach was the quantification of changes in growth rates of low
abundance taxa within larger groups. Since generalist grazers, such as
daphnids, consume the most abundant prey (DeMott, 1982; Ger et al.,
2018), quantifying grazing rates on low abundance taxa can be a chal-
lenge. In addition to density dependent effects on trophic interactions,
analytical detection limits may prohibit detection of changes in growth
rates. This was certainly the case with fluorometric methods used here,
as the Fluoroprobe did not detect green algae nor brown algae at most
locations, despite their presence at low levels. Given the ability of high
throughput sequencing to resolve rare taxa, it would seem fluorometric
detection will be the process that controls the absolute detection limit of
the novel method used here. Still, rare taxa may not be equally repre-
sented in sequencing sample replicates increasing variance among
samples (Elbrecht and Leese, 2015). Hence, high throughput sequencing
approaches often cannot resolve the least abundant taxa (Kring et al.,
2014). Nevertheless, this study demonstrated that the novel, combined
method used here was able to make significant ecological conclusions
regarding low abundance taxa (e.g. Raphidiopsis, < 1% of cyanobacteria)
as well as taxa that are abundant but difficult to resolve microscopically
due to their small size (e.g. Synechococcus, Pseudanabaena) or sometimes
complex, three-dimensional morphology (e.g. Microcystis, Dolicho-
spermum). In addition, significant changes in growth rates of specific
taxa were resolved, even when the overall total cyanobacterial growth
rates measured using fluorometry alone were unchanged.

4. 5 Conclusions

This study has shown that the use of next generation sequencing in
tandem with fluorometry and experimental techniques can identify
patterns of differential growth and grazing by multiple classes of
zooplankton on multiple, co-occurring taxa of phytoplankton and cya-
nobacteria as well as the effects of nutrient enrichment. This novel
methodological approach specifically identified Microcystis as the genus
of cyanobacteria in Lake Erie that most benefited from nutrient
enrichment and was least commonly grazed upon by zooplankton. Next
generation sequencing can identify species that may be in low abun-
dance, small, or otherwise misidentified. This is especially relevant for
cyanobacteria as smaller genera (e.g. Synechococcus, Pseudanabaena)
comprised 30 — 40% of the total sequenced population but are frequently
overlooked in cyanobacterial studies of Lake Erie. Similarly, the proto-
zooplankton community, which may exert significant grazing pressure
on CHABs, can be difficult to identify by microscopy alone, but
comprised a significant portion of ribosomal sequences in western Lake
Erie. Moving forward the number of organisms in sequence databases
will continue to increase, sequencing costs will continue to decline, and
informatic approaches will hasten and refine sample analyses, making
approaches like those presented here more usable and useful for the
investigation of CHABs.
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