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by rotifers was low (< 1% d−1). As the bloom dimin-
ished in September and October, the grazing impact 
of rotifers increased dramatically, specifically con-
suming substantial dinoflagellate (≤ 574%) and ciliate 
(≤ 382%) biomass daily. Analysis of rotifers in Van-
couver Lake during these months showed the pres-
ence of large, carnivorous Asplanchna spp., which 
indicates multi-trophic grazing dynamics within 
the rotifer assemblage. We conclude that non-rotifer 
micro-grazers (i.e., ciliates) were likely responsible 
for the initial dissipation of cyanobacteria just after 
the bloom peak, while rotifers primarily removed 
micro-grazers later in autumn. This study highlights 
the trophic roles of micro-grazers in controlling 
harmful cyanobacteria blooms and quantifies the spe-
cific grazing contributions of rotifers.

Keywords  Harmful algal blooms · Brachionus · 
Keratella · Ingestion rate · Clearance rate · Selectivity

Introduction

Cyanobacteria are ecologically important, naturally 
occurring components of freshwater planktonic com-
munities (Díez & Ininbergs, 2014). However, harm-
ful cyanobacteria blooms have become a major chal-
lenge to aquatic system health worldwide (Rabalais 
et al., 2009; Paerl et al., 2011; Kosten et al., 2012), as 
they present a threat to humans and wildlife through 
the production of cyanotoxins (Chorus et  al., 2000; 

Abstract  Grazing by microzooplankton has been 
shown to significantly impact freshwater cyanobacte-
ria blooms; however, the contribution of rotifers to the 
overall effect of microzooplankton grazing is not well 
understood. We conducted monthly microzooplank-
ton community grazing (dilution) experiments June–
October 2019, concurrent with incubations of field-
collected rotifers feeding upon the natural assemblage 
of microplankton prey < 75  µm in Vancouver Lake 
(Washington State, USA), a lake annually affected 
by cyanobacteria blooms. Our results showed that 
just days after a large bloom, the microzooplankton 
community grazing impact on phytoplankton biomass 
was exceptionally high (> 1000% d−1), yet the impact 
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Carmichael & Boyer, 2016; Chorus & Welker, 2021), 
diminish overall water quality, reduce biodiversity, 
and change the flow of energy in aquatic systems 
(Paerl et  al., 2001). There is also growing evidence 
that climate change will likely lead to increases in 
occurrence and magnitude of cyanobacteria blooms 
in the future (Paerl et al., 2011; Kosten et al., 2012; 
O’Neil et al., 2012).

Harmful cyanobacteria blooms are often associ-
ated with nutrient enrichment, increased temperature 
or light, and hydrodynamics (i.e., mixing, flushing) 
(Elser, 1999; Paerl et  al., 2001; Yang et  al., 2008; 
Kosten et al., 2012); however, the influence of biotic 
factors is also important. For instance, mesozoo-
plankton taxa (200 µm–2 mm in size), such as large 
cladocerans, have been observed to graze directly 
on cyanobacteria cells, significantly reducing cyano-
bacterial biomass (e.g., Sterner, 1989; Gobler et  al., 
2007). Conversely, copepods have been shown to 
facilitate cyanobacterial dominance by selectively 
avoiding the consumption of these inedible and/
or toxic cells in favor of algal or diatom competi-
tors (Fulton & Paerl, 1987; DeMott & Moxter, 1991; 
Kurmayer, 1999; Rollwagen-Bollens et al., 2013; Ger 
et al., 2016, 2019).

In comparison, microzooplankton grazers 
(20–200 µm in size; e.g., heterotrophic protists, small 
bosminid cladocerans, and rotifers) are more resist-
ant to cyanobacterial defenses, often co-existing 
with cyanobacteria under bloom conditions (Fulton 
& Paerl, 1987; Gilbert, 1990; Hansson et  al., 2007; 
Davis et al., 2012; Ger et al., 2016). Indeed, multiple 
microzooplankton community grazing studies have 
shown the ability of these grazers to actively consume 
cyanobacterial cells (Gobler et  al., 2007; Agasild 
et al., 2007), which can control cyanobacteria blooms 
in some cases (Davis et al., 2012; Rollwagen-Bollens 
et  al., 2018). Despite this evidence for substantial 
grazing impact of the microzooplankton commu-
nity as a whole, the impact of specific micro-grazer 
assemblages on freshwater cyanobacteria blooms has 
been less well studied, especially for rotifers.

Individuals in the phylum Rotifera are ubiquitous 
in freshwater (Segers, 2008; Wallace et al., 2015) and 
can be the numerically dominant zooplankton in lakes 
and reservoirs (Hillbricht-Ilkowska, 1983; Mazumder 
et al., 1992; Rodríguez & Matsumura-Tundisi, 2000; 
Li et al., 2017). Yet, rotifers are generally under-rep-
resented in zooplankton feeding studies, especially in 

relation to cyanobacteria blooms, in part due to the 
challenge of sampling them in ways that accurately 
assess their abundance, composition, and feeding 
without body damage (Orcutt & Pace, 1984; James, 
1991; Muirhead et  al., 2006; Chick et  al., 2010; 
Thomas et al., 2017). In the few published field stud-
ies of rotifer grazing, rotifers were responsible for 
a substantial fraction of total zooplankton grazing 
impact on phytoplankton communities. For instance, 
the rotifer assemblage in Lake Pavin (France), domi-
nated by Kellicottia longispina (Kellicott, 1879), 
accounted for 20–95% of the daily grazing impact by 
the entire zooplankton community, far exceeding the 
contribution of cladocerans (Quiblier-Lloberas et al., 
1996). Similarly, rotifers in Lake Võrtsjärv (Esto-
nia) contributed on average 68% of the total grazing 
impact on non-cyanobacterial phytoplankton < 30 µm 
(Agasild et  al., 2007) and in Lake Aydat (France) 
mean summertime grazing impacts of Keratella sp. 
ranged from 5 to 70% of the total phytoplankton bio-
mass per day (Lair & Oulad Ali, 1990).

In addition to their impact on phytoplankton com-
munities, rotifers in laboratory experiments have been 
found to prefer and consume small heterotrophic and 
mixotrophic organisms. Specifically, Asplanchna 
girodi (Guerne 1880), Synchaeta pectinata (Ehren-
berg, 1832), and Brachionus calyciflorus (Pallas, 
1766) rotifers each consumed 10–50 cultured cili-
ates individual−1 d−1 and preferred Tetrahymena sp. 
ciliates over Strobilidium sp. ciliates (Gilbert & 
Jack, 1993). Large raptorial-feeding rotifers such as 
Asplanchna sp. and Ascomorpha sp. are also known 
predators of mixotrophic dinoflagellate genera, like 
Ceratium and Peridinium (Pourriot, 1977; Stelzer, 
1998; Chang et al., 2010), in some instances consum-
ing up to 0.025  µg C individual−1 d−1 of Ceratium 
(Stelzer, 1998).

Specific to cyanobacteria, a small set of studies 
have found rotifers to be significantly associated with 
the occurrence of cyanobacteria blooms, more so than 
other zooplankton taxa (i.e., Hansson et al., 2007; Ger 
et  al., 2016). Rotifers may even thrive under these 
conditions, whether due to an evolved tolerance to 
cyanobacterial defenses, suppression of competitors 
or predators, or the availability of alternative nutrition 
(e.g., parasitic zoospores) (Gilbert, 1990; Frenken 
et al., 2018; Horppila et al., 2019).

In addition, laboratory studies using cultured 
rotifers and/or cultured cyanobacteria and algal 
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strains demonstrate that rotifers may directly con-
sume cyanobacteria. For example, cultured Euchlanis 
rotifers from a lake in the Netherlands (Gulati et al., 
1987), as well as field-collected Brachionus angula-
ris (Gosse, 1851) and Keratella sp. from Senegalese 
lakes (Kâ et al., 2012), were all found to graze upon 
and at times prefer filamentous cyanobacteria taxa 
(Aphanizomenon, Cylindrospermopsis, and Ana-
baena spp.) in laboratory grazing experiments. In a 
combined field and modeling study using stable iso-
topes, Burian et  al. (2014) reported that filamentous 
Arthrospira fusiformis (Komárek & Lund, 1990) was 
selected by Brachionus plicatilis (Müller, 1786) in 
tropical, shallow Lake Nakuru (Kenya), comprising 
48% of their diet. Brachionus calyciflorus was simi-
larly shown in laboratory experiments to select and 
thrive upon filamentous Anabaena flos-aquae (Bornet 
& Flahault 1888) even when provided a ‘more nutri-
tious’ food source (Euglena gracilis [Klebs, 1883]) 
(Starkweather, 1981; Starkweather and Kellar, 1983). 
Conversely, Kirk and Gilbert (1992) found Keratella 
avoided Anabaena sp. and instead showed near-com-
plete preference for Cryptomonas sp. in laboratory 
experiments, and Fulton (1988) showed cultured Bra-
chionus calyciflorus from the Potomac River avoided 
Aphanizomenon flos-aquae (Bornet & Flahault, 1888) 
and Anabaena planktonica (Brunthaler, 1903).

To the best of our knowledge, only two published 
studies report grazing rates for field-collected rotifers 
feeding upon naturally occurring phytoplankton. Lio-
nard et  al. (2005) found that the microzooplankton 
community (composed largely of Brachionus, Tricho-
cerca, and Synchaeta rotifers) grazed up to 84% of 
the available ambient phytoplankton community in 
the Schelde Estuary, Belgium/Netherlands, which 
was usually dominated by diatoms. Conversely, in 
the Potomac River, VA, USA, Sellner et  al. (1993) 
reported that before, during, and after a cyanobacteria 
bloom peak, rotifers consumed cyanobacteria at rates 
5–10 times less than other phytoplankton taxa, with 
no detectable grazing impact on available cyanobac-
teria biomass.

Although the former studies are informative, the 
role of rotifer grazing in shaping cyanobacteria bloom 
dynamics remains unclear. We aimed to fill this 
knowledge gap by pairing a comprehensive assess-
ment of the ambient rotifer assemblage with a set of 
experimental grazing studies using field-collected 
rotifers over the course of a cyanobacteria bloom in 

a well-studied, shallow, eutrophic lake (Vancouver 
Lake, WA, USA). We sought to answer three primary 
research questions:

(1)	 What are rotifers’ preferred prey and at what rates 
do they consume various microplankton prey cat-
egories?

(2)	 What is the temporal variation in rotifer prey 
selection and consumption?

(3)	 How might rotifers’ grazing dynamics affect 
the duration and magnitude of a cyanobacteria 
bloom?

By studying natural populations of rotifers from 
Vancouver Lake and experimentally measuring rotifer 
grazing behavior, this research provides new insight 
into rotifer seasonal abundance, prey preference, 
and grazing impact in the context of a cyanobacte-
ria bloom and builds a more comprehensive basis for 
using Vancouver Lake as a model system for studying 
the influence of planktonic grazers on cyanobacteria 
bloom dynamics.

Materials and methods

We took a three-pronged methodological approach 
to address our research questions. First, we collected 
water samples to describe the rotifer assemblage and 
the microplankton community (i.e., cyanobacteria, 
autotrophic, and heterotrophic protists) before, dur-
ing, and following a large cyanobacteria bloom in 
Vancouver Lake during summer 2019. Second, we 
conducted a series of monthly dilution experiments to 
measure microzooplankton community (i.e., rotifers 
and heterotrophic protists) grazing rates over the same 
time period, which provided context for our third 
approach, in which we conducted bottle incubation 
experiments to measure the prey preferences, feeding 
rates, and grazing impact of the rotifer assemblage.

Study site and sampling location

Vancouver Lake, located in southwestern Washing-
ton State (USA), is a shallow freshwater lake (depth ~ 
1.2  m; surface area ~ 9.2 km2) located in the flood-
plain of the lower Columbia River (Fig.  1). Cyano-
bacteria blooms were first recorded in Vancouver 
Lake in 1967 (Bhagat & Osborn, 1971) and since 
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then blooms composed of filamentous Aphanizome-
non sp. and/or Anabaena sp. occur with increasing 
frequency (Boyer et  al., 2011; Rollwagen-Bollens 
et  al., 2013; Lee et  al., 2015a, b, 2016). Microcystis 
sp. individuals and colonies have also been observed 
in Vancouver Lake, although their relative abundance 
has never been observed to be more than 1% of the 
overall cyanobacteria community. Blooms typically 
form in mid- to late July, last for 3–4  weeks and 
then rapidly decline in late August due to the com-
bination of decreased nutrient availability and strong 
grazing pressure from the microzooplankton com-
munity (Rollwagen-Bollens et  al., 2018). The lake 

is a popular site for outdoor recreation in the region 
throughout the year; however, intense annual cyano-
bacteria blooms (Boyer et al., 2011; Rollwagen-Bol-
lens et al., 2013; Lee et al., 2015a, b) often result in 
poor water quality and closures of the lake to recrea-
tional use (Rollwagen-Bollens et al., 2018).

All sampling for water quality, chlorophyll (chl) 
a concentration, plankton abundance, and incuba-
tion experiments was conducted from a dock located 
on the eastern shore of Vancouver Lake (Fig.  1). 
Vancouver Lake is well mixed vertically and hori-
zontally throughout the year, and this sampling site 
has been shown to be geographically representative 

Fig. 1   Vancouver Lake, 
Washington, USA and 
sampling location (●). 
Inset map shows location of 
study area within the north-
west USA. Map created in 
ArcGIS® using publicly 
available data from Esri and 
U.S. agencies
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of Vancouver Lake as a whole, based on quarterly 
sampling of the lake over a full calendar year at 
eight locations widely distributed throughout the lake 
(Bollens & Rollwagen‐Bollens, 2009).

Water quality and chl a concentration

From May to October 2019, we performed bi-weekly 
sampling of surface water to measure temperature, 
dissolved oxygen, and conductivity using a YSI 85 
sonde, and deployed a Secchi disk. Additionally, we 
collected triplicate surface water samples using a 
clean, acid-washed bucket, from which we measured 
in  situ phycocyanin concentration using a Turner 
Designs AquaFluor Model 8000-010 handheld fluo-
rometer. We also removed sub-samples for later 
measurement of extracted chl a concentration. We 
filtered aliquots of 5–25  ml from each sub-sample 
through GF/F filters, froze them for at least 24 h (but 
not exceeding 7  days), and measured chl a concen-
tration via the acidification method (Arar & Collins, 
1997) using a Turner Model 10 AU fluorometer.

Ambient microplankton and rotifer abundance, 
biomass, and composition

We sampled the microplankton, here defined as 
unicellular protists and cyanobacteria < 200  µm 
in size, from Vancouver Lake in conjunction with 
four  monthly feeding incubation experiments con-
ducted between July and October 2019 (described 
below). Using a clean bucket, we collected triplicate 
surface samples from the lake and preserved 200-ml 
sub-samples in amber bottles containing 5% Lugol’s 
iodine solution. We then settled 0.111 ml from each 
sample in a nanoplankton chamber (PhycoTech, Inc.) 
and examined at 200 × with a Leica DMI 4000B 
inverted microscope to enumerate and identify micro-
plankton taxa. For each replicate, we counted and 
sized all cells in 30 randomly selected fields along 
transects and categorized them into the following 
taxonomic groups: diatoms, dinoflagellates, flagel-
lates, ciliates, chlorophytes, or cyanobacteria. We 
calculated biovolume for each cell based on geomet-
ric shape (Hillebrand et al., 1999), which we used to 
estimate carbon biomass (Menden-Deuer & Lessard, 
2000).

To characterize the ambient assemblage of rotifers, 
on each of the four experiment dates we collected 

triplicate 3-L samples of 300  µm-screened surface 
lake water using a clean bucket. Although rotifers 
are capable of maintaining vertical heterogeneity in 
the water column (Stewart & George, 1987; Ignoffo 
et  al., 2005; Karabin & Ejsmont-Karabin, 2005), 
we considered surface sampling to represent their 
water column abundance due to the consistent ver-
tical mixing in this shallow lake (Lee et al., 2015a). 
We reverse filtered each 3-L sample through a 20-µm 
sieve to a concentrated volume of ~ 200 ml. Following 
Thomas et al. (2017), we narcotized the concentrated 
water samples by adding an antacid tablet to prevent 
distortion of soft-bodied (illoricated) species and pre-
served the samples in 4% sucrose-buffered formalin 
for microscopical analysis. We added Rose Bengal 
stain to aid in distinguishing rotifers during micro-
scopical examination.

To identify and enumerate the rotifers, we rinsed 
the stained formalin-preserved samples in deionized 
water, sub-sampled using a 1-ml Stempel pipette, 
placed the sub-samples into a welled slide, and exam-
ined them using an Olympus CK-40 inverted scope at 
100–200x. We repeated this process until at least 300 
individuals were counted. We identified rotifers to 
genus and species where possible, using Stemberger 
(1979), Wallace & Snell (2010), and Haney et  al. 
(2013).

Microzooplankton community grazing experiments

We conducted five  monthly dilution experiments 
(Landry & Hassett, 1982; Landry et  al., 1995) from 
June to October 2019 to measure the grazing rates 
of the full microzooplankton community (e.g., het-
erotrophic protists and rotifers), as well as the growth 
rate of the ambient phytoplankton community before, 
during, and after the summer cyanobacteria bloom in 
Vancouver Lake.

We prepared particle-free lake water by collecting 
water from the lake surface using an acid-washed car-
boy and filtering through 75-µm, 35-µm, and 20-µm 
sieves in succession and then passed through 1.2-
µm and 0.22-µm cellulose membrane filters using a 
peristaltic pump. We also collected unfiltered lake 
water in a separate acid-washed carboy immediately 
before incubation. Each experiment consisted of three 
dilution treatments prepared in triplicate, with each 
500-ml polycarbonate bottle filled with a portion of 
unfiltered ambient lake water and a portion of filtered 
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lake water in the following ratios: 1:0, 0.5:0.5, and 
0.1:0.9. We added 114 µl of 85 g  mol−1 NaNO3 and 
210  µl of 225  g  mol−1 NaH2PO4·H2O to each incu-
bated bottle to ensure nutrient-replete conditions for 
optimal growth (Boyer et al., 2011). We immediately 
sub-sampled a set of three replicate initial control bot-
tles of each of three dilution levels (n = 9) for later 
chl a analysis as described above and then incubated 
the three replicate treatment bottles of each of three 
dilution levels (n = 9) for 24 h on a rotating plankton 
wheel (0.5–1  rpm) at ambient temperature and diel 
light:dark cycle conditions. Subsamples of chl a from 
each treatment bottle were immediately collected at 
the end of incubation and then processed and ana-
lyzed as described above.

The change in chl a concentration over the course 
of the 24-h incubation, assuming exponential growth, 
was used to estimate net phytoplankton community 
growth rates in each dilution treatment. Linear regres-
sion of net growth rates relative to dilution level were 
then used to estimate intrinsic phytoplankton growth 
rates (indicated by the y-intercept in the regression 
equation) and microzooplankton community graz-
ing rates (indicated as the regression slope * −1) 
according to Landry and Hassett (1982), Landry 
et al. (1995), and Boyer et al. (2011). We interpreted 
regression slopes that were significantly (P < 0.05) 
different from 0 to indicate a biological effect of graz-
ers. Statistics were performed using R version 4.0.4 
statistical software (R Core Team, 2021).

Rotifer assemblage grazing experiments

We conducted a set of four monthly incubation exper-
iments with field-collected rotifers feeding upon the 
natural assemblage of microplankton prey July–Octo-
ber 2019, concurrent with the dilution experiments, 
to measure rotifer grazing dynamics during and after 
the cyanobacteria bloom. We employed an experi-
mental approach modified from Rollwagen-Bollens 
et  al. (2013) and Rose et  al. (2017). On the day of 
each experiment, we gently collected 15 L of surface 
lake water with a clean bucket covered with 300-µm 
Nitex mesh and then concentrated the samples by 
reverse filtration through a 75-µm sieve. We hand-
picked individual live rotifers from the concentrated 
sample and transferred them into 25-ml glass scintil-
lation vials containing lake water pre-screened over a 
75-µm sieve, to reach a density of 5 individual rotifers 

per ml. We chose this grazer density based on pub-
lished filtering rates estimated from laboratory stud-
ies (i.e., Starkweather, 1980; Fulton & Paerl, 1987; 
Gulati et al., 1993) to result in ~ 30–60% reduction of 
prey abundance in each vial by the end of the incuba-
tion. We attempted to select rotifers for incubation in 
a manner representative of the ambient rotifer assem-
blage and without targeting a particular species due 
to (1) our interest in the potential trophic impacts of 
the entire rotifer assemblage, and (2) to minimize the 
time to select and sort these small and fragile live 
organisms.

For each experiment, we prepared a triplicate set 
of initial control vials containing only lake water with 
the natural assemblage of planktonic prey < 75  µm 
in size, which we immediately sub-sampled for chl a 
analysis and preserved the remainder in 4% Lugol’s 
solution to be analyzed using the microscopical 
methods described above for microplankton. We 
filled a triplicate set of final controls (prey assem-
blage < 75 µm only) and a triplicate set of final treat-
ments (prey assemblage < 75  µm plus rotifers) and 
incubated these at ambient lake temperature for 12 h 
overnight under ambient diel light:dark cycle con-
ditions on a rotating plankton wheel (0.5–1  rpm). 
When incubation was complete, we passed the water 
from all final treatment vials over a 75-µm screen to 
remove the rotifers and then preserved in formalin as 
noted above and later examined microscopically. We 
sub-sampled and preserved the incubation water from 
both the final treatment and final control vials, as was 
done for the initial controls.

Rotifer feeding metrics

To determine whether a rotifer incubation experi-
ment resulted in a feeding effect, we employed t tests 
assuming unequal variance to assess for significant 
(P < 0.05) differences in mean chl a concentration, 
microplankton abundance, and/or carbon biomass in 
the final treatments compared to the final controls. 
We interpreted a lack of significant change across 
all measurements in any experiment as evidence of 
no feeding effect of added rotifers and thus did not 
include results of that experiment in further analyses.

For all experiments where a significant feeding 
effect was observed, we calculated rotifer clearance 
rate (CR; ml rotifer−1 h−1) and ingestion rate (IR; µg 
C rotifer−1 h−1) for each prey type in each experiment 
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according to Marin et  al. (1986). We then assessed 
whether rotifers demonstrated selective feeding 
behavior in each experiment using two approaches. 
First, we used 1-way ANOVA and post hoc Tukey’s 
test to assess the differences in CR among prey types. 
Conformance to assumptions of normality and homo-
scedasticity were verified using Shapiro–Wilk and 
Bartlett’s test, respectively. For those experiments in 
which data did not meet these assumptions, we used a 
Kruskal–Wallis rank sum test (for which assumptions 
of homoscedasticity were met based on a Fligner–Kil-
leen test) and a post hoc Dunn’s multiple compari-
sons test. Statistics were performed using R version 
4.0.4 statistical software (R Core Team, 2021). We 
interpreted a significant (P < 0.05) difference among 
CR between prey categories as evidence of selective 
feeding effort by rotifers, with greater effort expended 
upon those prey types with the highest CR values.

As a second method, we calculated electivity indi-
ces (E*) (Vanderploeg & Scavia, 1979a, 1979b), 
which compare the proportion of a particular prey 
type available in Vancouver Lake to the proportion 
of that prey consumed by the rotifers. See Rollwagen-
Bollens et al. (2013) for a detailed description of this 
approach. E* values range from − 1 to + 1, where + 1 
indicates complete preference, 0 indicates neutral 
preference, and − 1 represents complete avoidance. 
We interpreted E* values significantly (P < 0.05) dif-
ferent from 0 (based on 2-tailed t tests) to be evidence 
of selection for (positive values) or avoidance of (neg-
ative values) particular prey taxa.

Grazing impact

Finally, we estimated the overall grazing impact of 
microzooplankton in Vancouver Lake for the entire 
community, as well as the rotifer assemblage sepa-
rately. Overall microzooplankton community grazing 
impact upon phytoplankton (% d−1) was calculated as 
the ratio of daily grazing rate to phytoplankton growth 
rate obtained from each dilution experiment, multi-
plied by 100. The grazing impact (% prey consumed 
d−1) of the rotifer assemblage upon the < 75-µm 
microplankton community was calculated from the 
incubation experiment results by multiplying the 
observed per capita rotifer IR in each experiment by 
the standing stock of rotifers in Vancouver Lake pre-
sent on the experiment day, dividing by the biomass 
of < 75-µm microplankton prey in the lake, and mul-
tiplying by 100.

Results

Water quality

Surface water temperatures in Vancouver Lake from 
May to August 2019 were generally stable near 20°C 
and then decreased steadily through September and 
October to 13°C (Fig. 2). Dissolved oxygen concen-
trations at the lake surface remained ~ 8–10 mg l−1 in 
May and early June, after which concentrations fluc-
tuated from 4.6 to 13.2 mg l−1 from July to October 
(Fig. 2). Secchi depth was deepest (~ 1–2 m) in May 
but shallowed in early June to ~ 0.3 m and remained 
at this level throughout the summer and early autumn 
(Fig. 2).

Fig. 2   Surface water tem-
peratures, dissolved oxygen 
concentrations, and Secchi 
depths measured in Vancou-
ver Lake, WA, from May to 
October 2019
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Chl a concentrations in Vancouver Lake meas-
ured between May and October 2019 showed that 
phytoplankton biomass was lowest in late spring 
(~ 14–48 µg chl l−1) and autumn (~ 50 µg chl l−1), with 
a substantial bloom that extended for several weeks in 
July, ranging in magnitude from 200 to 900 µg chl l−1 
(Fig. 3). The high levels of phycocyanin pigment pre-
sent during the July bloom period (~ 400–650 µg l−1) 
indicate that this bloom was dominated by cyanobac-
teria biomass (Fig. 3).

Ambient microplankton abundance, biomass, and 
composition

Abundance and biomass of the microplankton com-
munity in Vancouver Lake were highest in August, 
just after the peak of the cyanobacteria bloom and 
lowest in July and October (Fig.  4). Throughout 
the June to October sampling period, cyanobacteria 
taxa, notably Anabaena spp. and/or Aphanizome-
non sp., represented > 87% of the microplankton 
community abundance and biomass, with maxima 
of 7.6 × 106 cells ml−1 and 40.6 µg C ml−1, respec-
tively, in August (Fig.  4). The next most abundant 
microplankton taxa averaged across all months were 

Fig. 3   Mean chl a (green circular symbols and shading) and 
phycocyanin (blue triangular symbols and shading) concentra-
tions measured in Vancouver Lake from May to October 2019. 
Error bars represent one standard error. Vertical  dashed lines 
represent dates when microzooplankton community grazing 

(dilution) experiments were performed. Solid gray lines rep-
resent dates when rotifer grazing experiments were performed. 
Solid black lines represent dates when both rotifer and dilution 
experiments were performed

Fig. 4   Mean abundance (A) and carbon biomass (B) of major taxonomic categories of the microplankton community in Vancouver 
Lake at the time of each monthly feeding experiment from July to October 2019. Error bars represent one standard error
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chlorophytes (~ 0.9% of the total assemblage), fol-
lowed by flagellates (~ 0.4%), diatoms (~ 0.2%), 
ciliates (~ 0.04%), and dinoflagellates (~ 0.01%). In 
terms of relative biomass, the sub-dominant taxa 
were flagellates (~ 2.9%), followed by chlorophytes 
(~ 2.6%), diatoms (2.3%), ciliates (~ 1.0%), and 
dinoflagellates (~ 0.7%) (Fig. 4).

Ambient rotifer abundance and composition

Rotifer abundance in Vancouver Lake varied over the 
course of the bloom cycle, with a minimum of 0.17 
rotifers ml−1 (± 0.06 SE) coinciding with the cyano-
bacteria bloom in July and the highest abundance (6.0 
rotifers ml−1 ± 0.25 SE) in September (Fig. 5). At the 
height of the cyanobacteria bloom, the rotifer assem-
blage was dominated by Brachionus spp. (46%) and 
Polyarthra spp. (25.7%), but shifted to dominance by 
Keratella spp. (43.7%) and Pompholyx sulcata (Hud-
son, 1885) (37%) in August. During September and 
October, the assemblage was dominated by Kera-
tella spp. (72% and 57.4%, respectively) followed 
by Polyarthra spp. (18.5% and 41.2%, respectively). 
Asplanchna spp. and Synchaeta spp. were the least 
abundant rotifer genera observed in Vancouver Lake 
throughout the sampling season (Fig. 5).

Microzooplankton community feeding rates

Microzooplankton community grazing (dilution) 
experiments were conducted in June, July, August, 
September, and October 2019; however, only the 
experiments conducted in June, August, and October 
resulted in regression slopes significantly (P < 0.05) 
different from zero (Supplementary Fig.  1). There-
fore, only the results of these three experiments are 
discussed further. Intrinsic phytoplankton growth 
rates were highest in June (0.73 d−1), lowest in 
August just after the peak of the cyanobacteria bloom 
(0.13 d−1), and moderately high in October (0.42 d−1) 
(Fig.  6). By contrast, microzooplankton community 
grazing rates were lower than estimated phytoplank-
ton growth rates before the cyanobacteria bloom (in 
June), extremely high in August (1.39 d−1) just after 
the bloom peak, and equal to estimated growth rates 
after the bloom in October (Fig. 6).

Rotifer prey selectivity

We conducted four feeding incubation experiments 
with field-collected rotifers and the natural assem-
blage of plankton < 75  µm from Vancouver Lake, 
concurrent with microzooplankton community 

Fig. 5   Mean rotifer 
abundance (open circles) 
and relative abundance of 
rotifer genera (stacked bars) 
present in Vancouver Lake 
at the time of each monthly 
feeding experiment con-
ducted from July to October 
2019. Error bars represent 
one standard error
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grazing (dilution) experiments in July, August, Sep-
tember, and October 2019. We observed a significant 
(P < 0.05) reduction in either the microplankton prey 
abundance, carbon biomass, or chl a concentration 
after the 12-h incubation in each experiment except 
July and therefore were able to calculate and report 
rotifer assemblage feeding rates from the August, 
September, and October experiments.

The abundance and biomass of < 75-µm micro-
plankton prey at the start of each experiment was 
highest in July during the cyanobacteria bloom but 
fell dramatically in August just after the bloom peak, 
with continued decline through October (Fig.  7). In 
each month, the microplankton community was over-
whelmingly dominated by cyanobacteria in terms of 

both abundance and biomass, with the remainder of 
the prey taxa each accounting for < 1.5% of the total 
abundance and < 9% of the total biomass (Fig. 7).

We estimated rotifer feeding selectivity in two 
ways. First, we compared the clearance rates of 
rotifers on each major taxonomic category of < 75-µm 
microplankton available during each experiment. 
Clearance rates will be negative if the grazing coef-
ficient (g, h−1) measured in an incubation experiment 
is negative, which occurs whenever the growth rate of 
a prey taxon in the grazer treatments is higher than 
the growth rate of that prey taxon in the non-grazer-
amended controls over the incubation period. A nega-
tive clearance rate can therefore be interpreted as 
avoidance of that prey taxon by the grazer and/or the 

Fig. 6   Chl a concentra-
tions (green shading), 
phycocyanin concentrations 
(blue shading), intrinsic 
phytoplankton growth 
rates (black columns), 
and microzooplankton 
community grazing rates 
(gray columns) measured in 
Vancouver Lake from June 
to October 2019. Micro-
zooplankton community 
grazing experiments in 
which regression slopes 
were significantly different 
from zero are represented 
with asterisks (*P < 0.05, 
**P < 0.01, ***P < 0.001)

Fig. 7   Mean abundance (A) and biomass (B) of microplankton prey taxa < 75 µm in size that were initially present in each rotifer 
feeding experiment. Error bars represent one standard error
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cascading effect of the added grazers consuming a dif-
ferent taxon which releases the target prey from graz-
ing pressure in the treatment bottles. In the August 
experiment, immediately after the peak in cyano-
bacteria abundance, we observed significant differ-
ences among clearance rates (ANOVA: F-value = 2.9, 
P = 0.063), and a Tukey’s multiple comparison test 
indicated that rotifers cleared dinoflagellates at a sig-
nificantly higher rate than cyanobacteria (P < 0.05) 
(Fig. 8). However, during the September experiment, 
no significant differences in clearance rates were 
observed among the prey groups (Fig. 8). In October, 
clearance rates differed significantly among prey cat-
egories (ANOVA: F-value = 4.4, P < 0.05) and once 
again a Tukey’s test showed that clearance rates were 
highest on dinoflagellates; although in this case, these 
rates were significantly higher than those for chloro-
phytes and ciliates (P < 0.05) (Fig. 8).

Second, we calculated E* values for rotifers feeding 
upon each category of microplankton prey < 75 µm in 
size. In August, rotifers exhibited a significant avoid-
ance of cyanobacteria (t << −0.001, P << 0.001) 
(Fig. 9). Rotifers continued to strongly avoid cyano-
bacteria in September (t << −1, P < 0.0001) but also 
strongly avoided ciliates (t << − 1, P = 0.001) and 
chlorophytes (t << − 1, P < 0.0001). Conversely, in 
October, rotifers showed a significant selection for 
cyanobacteria (t >> 1, P < 0.0001) (Fig. 9). Although 
the mean rotifer E* value for dinoflagellates was 
higher than that for cyanobacteria in October, t tests 
showed these values were not significantly different 
from 0 (t = 3.8, P = 0.06) (Fig. 9).

Rotifer ingestion rates

Biomass ingestion rates of the rotifer assemblage 
on < 75-µm prey were the lowest immediately 

Fig. 8   Mean clearance rates of rotifers incubated for 12 h with 
microplankton taxa < 75  µm in size in monthly experiments 
August–October 2019. Error bars represent one standard error. 

Clearance rates with different letter designations are signifi-
cantly different from each other (Tukey’s test, P < 0.05)

Fig. 9   Mean electivity (E*) of rotifers incubated for 12 h with 
microplankton taxa < 75  µm in size in monthly experiments 
August–October 2019. Error bars represent one standard error. 

E* values significantly different from zero are represented with 
asterisks (*P < 0.05, **P < 0.01, ***P < 0.001)
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following the peak in cyanobacteria biomass in 
August (< 0.01  µg C rotifer−1  h−1) with a mod-
est increase in September (0.03  µg C rotifer−1  h−1) 
and were highest in October (0.1 µg C rotifer−1  h−1) 
(Fig.  10). We found no significant differences in 
ingestion rates among prey groups during the August 
and September rotifer feeding experiments, when 
ingestion rates were relatively low overall. In Octo-
ber, however, we found that rotifers ingested cyano-
bacteria at a significantly higher rate (0.098  µg C 
rotifer−1  h−1) than other prey items, particularly dia-
toms (Dunn’s Test: z = 3.02, P < 0.05) (Fig. 10).

Rotifer grazing impact

Rotifer assemblage grazing impact in Vancouver 
Lake, measured as the percent of prey biomass avail-
able that was consumed by rotifers per experiment 
day, indicated that rotifers could have been remov-
ing a substantial proportion of the ambient micro-
plankton biomass (< 75 µm), especially in September 

and October (Fig. 11). In August, just after the 2019 
bloom peak, rotifer grazing impact upon the entire 
(< 75-µm) microplankton prey community was 
extremely low (< 1% d−1), but when measured on 
particular prey categories the grazing impact ranged 
from undetectable (for cyanobacteria and chloro-
phytes) up to 20% (for flagellates) of available bio-
mass per day (Fig.  11). In September, rotifer graz-
ing impact increased, estimated as 13.3% of the total 
available microplankton biomass (< 75 µm) per day, 
with 513% of dinoflagellate biomass and 154% of 
ciliate biomass consumed daily (Fig. 11). In October, 
rotifer grazing impact further increased to 21.9% of 
the total available microplankton biomass (< 75 µm). 
Rotifer grazing in October was particularly impactful 
upon dinoflagellates (574% biomass consumed d−1) 
and ciliates (382% biomass consumed d−1) and with 
rotifer impact on ciliates significantly higher than on 
diatoms (Dunn’s Test: z = 2.95, P < 0.05) (Fig. 12).

Fig. 10   Mean biomass ingestion rates of rotifers incubated for 
12  h with microplankton < 75  µm in size in monthly experi-
ments August–October 2019. Error bars represent one standard 

error. Ingestion rates with different letter designations are sig-
nificantly different from each other (Dunn’s test, P < 0.05)

Fig. 11   Mean daily grazing impact of rotifers upon micro-
plankton < 75 µm in Vancouver Lake during August, Septem-
ber, and October 2019. Note y-axis scales differ. Error bars 

represent one standard error. Grazing impact values with dif-
ferent letter designations are significantly different from each 
other (Dunn’s test, P < 0.05)
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Discussion

Our results demonstrate that grazing by non-rotifer 
microzooplankton strongly and directly influences 
the initial decline of the cyanobacteria bloom and 
that rotifers play an important role in modulating the 
abundance and composition of the microzooplankton 
community in the weeks following the bloom. This 
study was the first to conduct concurrent and com-
plementary, feeding experiments to assess the influ-
ence of the microzooplankton community as a whole, 
as well as the specific impact of the natural rotifer 
assemblage, on the dynamics of a large cyanobacteria 
bloom in a shallow, temperate lake.

Micro‑grazer community structure in Vancouver 
Lake

Our results align closely with previous studies that 
showed the microzooplankton (< 200 µm) community 
in Vancouver Lake to be composed of mixotrophic 
and heterotrophic taxa assemblages, including high 
abundances of flagellates, dinoflagellates (i.e., Cera-
tium sp., and assorted athecate taxa), and ciliates (i.e., 
Strombidium spp. and assorted oligotrichs) (Boyer 
et al., 2011; Rose et al., 2017), as well as less abun-
dant rotifers, copepod nauplii, copepodites, and small 

bosminids (Boyer et  al., 2011; Lee et  al., 2015a). 
More specifically, Boyer et  al. (2011) reported low 
mean ciliate abundance in early summer and very 
high ciliate abundance (~ 2,800 cells ml−1) just 
prior to the bloom peak in 2008, aligning with cili-
ate abundances we observed before the bloom peak 
in 2019 (~ 2,900 cells ml−1). Ciliate abundance was 
also high during the 2019 bloom (~ 3,100 cells ml−1) 
and dropped to very low levels in the fall (< 200 cells 
ml−1).

With respect to rotifer abundance and composition, 
our finding that the assemblage in Vancouver Lake 
during 2019 was dominated by brachionid rotifers 
(i.e., Brachionus angularis and Keratella cochle-
aris (Gosse, 1851)), and to a lesser degree Polyarthra 
sp., also aligned closely with reports from other tem-
perate lakes. For instance, high rotifer abundance was 
observed in the eutrophic lower basin of Lake Biwa 
(Japan), of which ~ 50% were Keratella tecta (Gosse, 
1851), while the oligotrophic upper basin featured 
low rotifer abundance and only ~ 1% were K. tecta 
(Hillbricht-Ilkowska, 1983). Similarly, in eutrophic 
Lake Chaohu (China),  > 80% of the zooplankton 
assemblage was composed of Keratella spp. and Bra-
chionus spp. (Li et al., 2017); and in Lake Oglethorpe 
(Georgia, USA), rotifers accounted for  > 69% of zoo-
plankton biomass in the summer, with two brachionid 

Fig. 12   Mean number and 
taxonomic composition of 
rotifers recovered at the 
end of each monthly feed-
ing experiment conducted 
August–October 2019. 
Note: 125 individuals were 
added to each treatment 
bottle at the start of each 
incubation experiment
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groups (Keratella spp., Kellicottia sp.), Polyarthra 
sp., and Trichocerca sp. as the most abundant genera 
(Orcutt & Pace, 1984).

Further, our examination of the rotifer assem-
blage in Vancouver Lake supports other stud-
ies showing that lakes, such as Lake Caldonazzo 
(Italy), Lago Maggiore (Italy), and Lake Wash-
ington (WA, USA), are often dominated by a sin-
gle  rotifer functional group at a time (Obertegger 
et al., 2011; Obertegger & Manca, 2011; Oberteg-
ger & Flaim, 2015, 2018). The rotifer assemblage 
in Vancouver Lake was dominated by micropha-
gous feeders such as Brachionus spp., Keratella 
spp., and Pompholyx sulcata (~ 55–80% of total 
rotifer individuals) rather than raptorial feed-
ers, such as Polyarthra spp. and Trichocerca spp., 
particularly in August and September 2019. The 
majority of rotifer taxa observed in our study were 
also small bodied, which are predictably the domi-
nant grazers in systems of poor food quality/quan-
tity (Stemberger & Gilbert, 1985) (i.e., cyanobac-
teria blooms), low food concentrations (Bogdan & 
Gilbert, 1982; Stemberger and Gilbert, 1987), and 
small prey sizes (Gilbert & Bogdan, 1984) because 
small grazers are more efficient food collectors 
than larger zooplankton and have a lower threshold 
for a minimum food concentration supporting pop-
ulation growth (Stemberger & Gilbert, 1985).

Microzooplankton community grazing over a bloom 
cycle

The pattern of grazing rates upon phytoplankton 
biomass by the entire microzooplankton commu-
nity during 2019 closely matched the microzoo-
plankton community grazing rates measured in 
Vancouver Lake during the summer bloom cycles 
of 2008 and 2009 (Boyer et  al., 2011; Rollwagen-
Bollens et  al., 2018). Grazing rates were lowest 
during the pre-bloom and post-bloom periods (i.e., 
June and October 2019, respectively) and excep-
tionally high immediately following the bloom 
peak (i.e., August 2019). In each of the three 
years studied, community grazing rates were sub-
stantially higher than phytoplankton growth rates 
just after the bloom peak and remained high late 
into the autumn well after the blooms dissipated, 
particularly upon cyanobacteria (as indicated by 

microscopical analysis in 2008 by Boyer et  al., 
1971). These interannual patterns indicate that 
rotifers, ciliates, heterotrophic dinoflagellates, and 
other micro-grazers were together removing more 
phytoplankton biomass than was being created 
after the peak of each bloom and thus were largely 
responsible for the blooms’ dissipation.

Rotifer grazing behavior in Vancouver Lake

Based on the historical record of cyanobacteria 
bloom timing in Vancouver Lake, we scheduled our 
rotifer grazing experiments to occur in early July to 
coincide with the formation of the expected bloom, in 
August during the bloom peak, and in September and 
October when we expected the bloom to be in decline 
and eventually dissipated (respectively). However, 
while the magnitude and duration of the 2019 cyano-
bacteria bloom was typical for Vancouver Lake, the 
bloom developed in late June and reached maximal 
levels in early July, several weeks earlier than had 
been previously observed (Bhagat & Orsborn, 1971; 
Boyer et al., 2011; Lee et al., 2016; Rollwagen-Bol-
lens et al., 2018). This earlier timing was unexpected 
and thus prevented us from performing rotifer graz-
ing experiments in the pre-bloom period. However, 
results of our August, September, and October exper-
iments allow us to assess the role of rotifer grazing 
in the rapid decline and eventual dissipation of the 
cyanobacteria bloom in Vancouver Lake in 2019.

Our clearance rate and electivity results demon-
strated that rotifers were often, but not always, selec-
tive feeders with a preference for dinoflagellates and 
usually avoided cyanobacteria. A notable exception, 
however, was in October when cyanobacteria were 
preferred in addition to small (> 75 µm) dinoflagel-
lates and flagellates—taxonomic groups that poten-
tially included heterotrophic micro-grazers in addi-
tion to autotrophic cells. However, measurements of 
actual rotifer consumption show that just after the 
bloom peak in August 2019, rotifer biomass ingestion 
rates were at their lowest overall, but were highest on 
flagellates, and to a lesser extent on their preferred 
dinoflagellate prey. Notably, rotifers did not measura-
bly consume cyanobacteria biomass in August. How-
ever, in September and October rotifer ingestion rates 
increased and were significantly higher for cyanobac-
teria biomass over all other prey types. These higher 
ingestion rates aligned with rotifers’ preference for 
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cyanobacteria in October, as well as the high relative 
abundance of cyanobacteria cells in the autumn and 
together could be viewed as evidence that cyanobac-
teria may have been more easily consumed by rotifers 
compared to August. The susceptibility of cyanobac-
teria to rotifer consumption may be pronounced at the 
end of the bloom period due to a variety of factors, 
including filament fragmentation due to former graz-
ing by other grazers, nutrient deficiency, or parasitism 
(see Gerphagnon et al., 2013), reductions in ambient 
cyanotoxin concentrations potentially inhibitory to 
grazing by micro-grazers, or changes to the composi-
tion of the cyanobacteria assemblage to species more 
susceptible to grazing.

To our knowledge no other published stud-
ies report feeding rates of field-collected rotifers on 
natural assemblages of prey during a cyanobacteria 
bloom in a lake system. However, two such stud-
ies have been conducted in estuaries. Sellner et  al. 
(1993) found rotifers in the Potomac River estuary, 
VA, USA, to consume very little, if any, cyanobacte-
ria throughout the bloom cycle, 1.65 µl rotifer−1 h−1, 
which is less than the maximum clearance rate we 
report for cyanobacteria in Vancouver Lake (~ 10 µl 
rotifer−1  h−1). Importantly, Sellner et  al. (1993) also 
found the assemblage of rotifers had greater clear-
ance rates (~ 0.098–5.38  µl rotifer−1  h−1) and graz-
ing impact (< 0.17% d−1) on the non-cyanobacteria 
assemblage than on the cyanobacteria assemblage 
(0.004–1.65  µl rotifer−1  h−1 and < 0.034%, respec-
tively) at each measured stage of the cyanobacteria 
bloom. This finding is consistent with our study in 
that rotifers had a negligible effect on the cyanobac-
teria assemblages regardless of bloom stage and that 
rotifers largely prefer non-cyanobacteria prey. In the 
second field study, conducted in the Schelde Estuary 
in western Europe, Lionard et  al. (2005) estimated 
clearance rates (0.008–0.763 ml rotifer−1  h−1) of the 
natural rotifer assemblage on a phytoplankton com-
munity dominated by diatoms (< 10% cyanobacteria) 
that were within the range of our own measurements 
(−0.01–0.03 ml rotifer −1 h−1).

Our observations also align with a laboratory study 
by Soares et  al. (2010) who found ingestion by cul-
tured Brachionus calyciflorus rotifers of cyanobac-
teria isolated and cultured from the Funil Reservoir, 
Brazil, to increase as cyanobacteria concentrations 
increased, although the maximum rotifer inges-
tion rates for cyanobacteria reported in our study 

(< 0.1 µg C rotifer−1 h−1 for the whole cyanobacteria 
assemblage) are less than the maxima reported by 
these investigators (0.2 and 0.5 µg C rotifer−1 h−1 for 
Microcystis and Cylindrospermopsis, respectively). 
Although cultured B. calyciflorus have been reported 
to consume Microcystis sp. (Fulton & Paerl, 1987, 
1988; Soares et al., 2010), low consumption rates are 
typical as Microcystis sp. cannot sustain rotifer popu-
lation growth as a sole food source (Fulton & Paerl, 
1987). On the other hand, Burian et al. (2014) showed 
that Brachionus spp. consumed filamentous cyano-
bacteria genera (Arthrospira and Anabaenopsis) in 
Lake Nakuru, Kenya and cultured Keratella cochle-
aris were found to consume cultured Anabaena affinis 
(Lemmerman, 1898) (Kirk & Gilbert, 1992). In this 
case, Keratella consumed Anabaena at an ingestion 
rate of 5–9 cells rotifer−1 h−1 (Kirk & Gilbert, 1992), 
which were within but on the low end of the range we 
observed in Vancouver Lake.

Although rotifers in Vancouver Lake consumed 
cyanobacteria biomass more than any other taxo-
nomic group during the autumn of 2019 (up to 
0.098  µg C rotifer−1  h−1), they also ingested small 
amounts of ciliate, dinoflagellate, and diatom biomass 
(0.05–5 ng C rotifer−1 h−1) and cleared up to 20 µl of 
water per rotifer h−1 to do so. The clearance rates we 
measured for rotifers grazing on these prey are within 
range of those found in other studies. For example, 
clearance rates of Keratella spp. in an in  situ meso-
cosm study in Star Lake, VT, USA, on various prey 
ranged from 0 to 9.8 µl rotifer−1  h−1, with the high-
est clearance rates on flagellates (Gilbert & Bog-
dan, 1984). Similarly, Polyarthra spp. have been 
shown to prefer flagellates, particularly cryptomon-
ads and Euglena at clearance rates from 0.2 to 4.3 µl 
rotifer−1  h−1 (Pourriot, 1977; Bogdan & Gilbert, 
1982, 1984), which are rates in range with those we 
found for rotifers grazing on flagellates in Vancouver 
Lake (1–8 µl rotifer−1 h−1).

Grazing impact of rotifers and the entire 
microzooplankton community over a bloom cycle

In our assessment of the overall grazing impact 
of rotifers in Vancouver Lake, we found that even 
though hourly rotifer per capita ingestion rates were 
the highest for cyanobacteria compared to other prey, 
cyanobacteria biomass in the lake at the time of these 
experiments was sufficiently high enough that rotifer 
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grazing impact was lowest for cyanobacteria (0–23% 
d−1) (except in October when grazing impact upon 
diatoms was <1% d−1). This finding indicates that the 
rate of consumption of cyanobacteria by rotifers was 
not high enough to directly influence the bloom. Fur-
thermore, impact of rotifer grazing on the total micro-
plankton prey assemblage was lowest (0%) in August 
yet increased as the bloom dissipated (up to ~ 22% in 
October). These daily grazing impacts on the prey 
community are less than those estimated by Lionard 
et  al. (2005), who found the natural rotifer assem-
blage’s grazing impact on the total phytoplankton 
community in the Schelde Estuary to range 33–84% 
d−1.

However, the grazing impact of rotifers on small 
ciliates and dinoflagellates was extremely high 
(~ 150–575% d−1) during September and October. 
Grazing impacts of  > 100% are possible when the 
experimentally derived per capita ingestion rates 
of rotifers are sufficiently high that when applied to 
the ambient abundance of rotifers in the lake on the 
experiment date, the ratio of overall grazing rate to 
prey availability becomes greater than 1. This sug-
gests that rotifer grazing in the lake during autumn 
was likely resulting in negative ciliate and dinoflag-
ellate growth rates, thus controlling the populations 
of these two prey groups as the cyanobacteria bloom 
waned.

It is important to note that our measurements of 
rotifer grazing rates and grazing impacts were based 
on the number and composition of the rotifers added 
to each experimental treatment bottle, which upon 
examination of the preserved samples after incu-
bation were found to differ from the natural rotifer 
assemblage in Vancouver Lake (Fig. 12). In all three 
experiments where a detectable grazing effect was 
observed, we recovered only 11–40 individuals (of 
the 125 added) from each bottle after each incubation. 
In terms of taxonomic composition, in August and 
September, Brachionus spp. comprised the majority 
of recovered rotifers (92% and 54% respectively), but 
the ambient rotifer assemblage in the lake at the time 
of those experiments was dominated by Keratella 
spp. and to a lesser extent Polyarthra spp. and Pom-
pholyx sp. In October, the recovered assemblage was 
dominated by Polyarthra spp. (83%), yet the ambient 
assemblage was approximately evenly composed of 
both Polyarthra and Keratella species.

We speculate that the low numbers and altered 
assemblage composition of the remaining rotifers in 
the September and October incubation bottles are 
likely due to the presence of Asplanchna spp., a rotif-
eran genus well known to prey upon other rotifers, 
dinoflagellates, and ciliates (Pourriot, 1977; Chang 
et al., 2010). The abundances of these rotiferan preda-
tors were 0.13 and 0.08 Asplanchna ml−1 at the end 
of the September and October experiments, respec-
tively—abundances comparable to what we directly 
observed in Vancouver Lake in those months (0.62 
and 0.003 Asplanchna ml−1, respectively). As the 
most abundant rotifer genus in Vancouver Lake from 
August to October, we believe that Keratella indi-
viduals were likely the majority of rotifers added to 
the treatment bottles; however, since Keratella spp. 
are often highly preferred by Asplanchna, it is also 
likely that individual Asplanchna rotifers efficiently 
removed all Keratella individuals within each experi-
mental treatment bottle. Indeed, Asplanchna clear-
ance rates have been estimated to be up to ~ 0.5  ml 
rotifer−1 h−1 (Conde-Porcuna & Sarma, 1995), which 
in our experiments would account for  ~ 24% of the 
incubated volume over the entire incubation period, 
per predator. Thus, only  ~ 4 Asplanchna individu-
als would have been required to clear  ~ 100% of the 
volume in each treatment bottle over the 12-h incu-
bations. This is further supported by our microscopi-
cal observation of Keratella spp. individuals within 
the stomachs of most of the recovered Asplanchna 
spp. individuals, in addition to Brachionus spp. and 
loricate ciliates. Thus, we also postulate that the very 
strong grazing impact on dinoflagellates and ciliates 
in the post-bloom period may have been largely due 
to predatory Asplanchna spp. individuals. Notably, 
Polyarthra sp. individuals were largely still present 
at the end of incubations, likely due to their ability 
to effectively evade Asplanchna predation (Gilbert, 
1985). Why we observed a change in the number and 
diversity of rotifers remaining in the treatment bot-
tles during the August experiment, despite a lack of 
Asplanchna, has no obvious explanation and remains 
an open question.

When we considered rotifer grazing in the context 
of the entire microzooplankton community over three 
cyanobacteria bloom cycles (2008, 2009, and 2019), 
we found that just after the peak of the bloom, when 
total microzooplankton community grazing impact 
was typically extremely high (> 1000% d−1) rotifer 
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grazing impact on the total microplankton commu-
nity < 75  µm was negligible (< 1% d−1); although 
in October, the grazing impacts of these two groups 
were much more similar (100% and 22%, respec-
tively). Note that direct comparisons between these 
grazing impacts may be misleading, as impact by 
the whole microzooplankton community was upon 
chl a biomass, while the rotifer assemblage grazing 
impact was calculated using the carbon biomass of 
each microplankton prey assemblage in the incuba-
tion bottles (i.e., autotrophic phytoplankton and het-
erotrophic protists). Nevertheless, our results further 
substantiate other assertions that grazing by microzo-
oplankton communities generally, and rotifers specifi-
cally, can have a substantial impact on phytoplankton 
community biomass and composition (i.e., Bogdan 
& Gilbert, 1982; Lair & Oulad Ali, 1990; Quiblier-
Lloberas et  al., 1996; Agasild et  al., 2007; Burian 
et al., 2014).

Implications for Vancouver Lake cyanobacteria 
blooms and the planktonic food web

We found that overall microzooplankton community 
grazing impact was low in the spring, well before the 
cyanobacteria bloom, which suggests rotifer grazing 
on the phytoplankton community was also minimal 
in this period, although this should be tested in future 
studies. Further, during the peak of the cyanobacte-
ria bloom in July, the microzooplankton community 
grazing impact remained low, and we also did not 
find a significant grazing effect by rotifers. How-
ever, immediately after the bloom peak in August, 
the grazing impact by the entire microzooplankton 
community was exceptionally high, while rotifers’ 
contribution to this overall grazing impact was low, 
suggesting that grazing impact was mostly due to 
non-rotifer micro-grazers. Indeed, because ciliates 
were in very high abundance immediately following 
the blooms in 2008, 2009, and 2019 and Asplanchna 
rotifer abundance was extremely low during August 
2019, we assert that these micro-grazers are likely the 
most significant contributor to the decline of cyano-
bacteria biomass in Vancouver Lake.

In contrast, in the weeks following the ini-
tial decline of the cyanobacteria bloom, preda-
tion by Asplanchna sp. (and possibly other large 
rotifers) upon ciliates, small rotifers, and other het-
erotrophic microplankton was occurring and may 

help to explain the low microzooplankton commu-
nity grazing rates we measured during this period. 
Specifically, in September 2019, the abundance 
of Asplanchna was at its highest in Vancouver 
Lake and may have reduced the abundance of cili-
ates, dinoflagellates, and small rotifers sufficiently 
enough to prevent a significant grazing effect during 
the dilution experiments conducted in that month. 
Whereas in October, overall rotifer abundance was 
low but with a relatively high proportion of Polyar-
thra sp., which are effective at avoiding predation 
by Asplanchna and also documented consumers of 
phytoplankton. This may explain why we observed 
low, but significant, microzooplankton community 
grazing rates in the October dilution experiment.

Overall, our results indicate that ciliates, dino-
flagellates, flagellates, rotifers, and other hetero-
trophic microplankton together greatly influence the 
dynamics of cyanobacteria blooms in Vancouver 
Lake, with ciliates most likely responsible for the 
initial decline in cyanobacteria biomass, followed 
by rotifers acting to change the composition of the 
micro-grazer community, with cascading effects 
on phytoplankton biomass. These results also rein-
force the need to consider the distinct trophic roles 
of the many assemblages that comprise the micro-
zooplankton community, as well as the interactions 
among them (e.g., intra-guild predation, top-down 
vs. bottom-up influences), in well-studied model 
systems, such as Vancouver Lake.
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