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A B S T R A C T   

The Asian clam (Corbicula fluminea) and eastern oyster (Crassostrea virginica) are important resource bivalves 
found in and downstream of waterways afflicted with cyanobacterial harmful algae blooms (CHABs), respec-
tively. This study examined the potential for C. fluminea and C. virginica to become vectors of the hepatotoxin, 
microcystin, from the CHAB Microcystis. Laboratory experiments were performed to quantify clearance rates, 
particle selection, and accumulation of the hepatotoxin, microcystin, using a microcystin-producing Microcystis 
culture isolated from Lake Erie (strain LE-3) and field experiments were performed with water from Microcystis 
blooms in Lake Agawam, NY, USA. Clearance rates of Microcystis were faster (p<0.05) than those of Raphidocelis 
for C. fluminea, while C. virginica cleared Microcystis and Tisochrysis at similar rates. For both bivalves, clearance 
rates of bloom water were slower than cultures and clams displayed significantly greater electivity for green 
algae compared to wild populations of cyanobacteria in field experiments while oysters did not. In experiments 
with cultured Microcystis comprised of single and double cells, both bivalves accumulated >3 µg microcystins g −
1 (wet weight) in 24 – 72 h, several orders of magnitude beyond California guidance value (10 ng g − 1) but 
accumulated only up to 2 ng microcystins g − 1 when fed bloom water dominated by large Microcystis colonies for 
four days. For Asian clams, clearance rates and tissue microcystin content decreased when exposed to toxic 
Microcystis for 3 – 4 days. In contrast, eastern oysters did not depurate microcystin over 3 - 4-day exposures and 
accumulated an order of magnitude more microcystin than clams. This contrast suggests Asian clams are likely to 
accumulate minor amounts of microcystin by reducing clearance rates during blooms of Microcystis, selectively 
feeding on green algae, and depurating microcystin whereas oysters are more likely to accumulate microcystins 
and thus are more likely to be a vector for hepatotoxic shellfish poisoning in estuaries downstream of Microcystis 
blooms.   

1. Introduction 

Cyanobacterial harmful algae blooms (CHABs) largely form due to 
anthropogenic nutrient pollution (O’Neil et al., 2012) and can disrupt 
ecosystems by causing hypoxic conditions and introducing toxins into 
both drinking water and aquatic food webs (Chen et al., 2009). The most 
common CHAB-forming cyanobacteria genus is Microcystis, which usu-
ally occurs in freshwater systems but can tolerate brackish waters 
(10–15 PSU) when it is flushed into estuaries (Preece et al., 2017). 
Microcystis sp. can produce multiple congeners of the hepatotoxin, 
microcystin (Harke et al., 2016). To date, more than 240 different 
microcystins have been identified (Zhang et al., 2022), and the most 

abundant and studied variant in water samples is microcystin-LR (Li and 
Xie, 2021). Acute effects of microcystin-LR for humans include skin 
rashes, gastrointestinal illness, and respiratory issues (Massey et al., 
2018). In an extreme case in 1996, the water used for dialysis treatments 
in Caruaru, Brazil, was contaminated with microcystin-LR and led to an 
outbreak of acute liver failure and death in 26 people (Carmichael et al., 
2001). Microcystins have also contributed to mortality in other mam-
mals, including African elephants (Wang et al., 2021), sea otters (Miller 
et al., 2010), cattle (Mez et al., 1997) and dogs (Lawton et al., 1995; 
Backer et al., 2013; Hilborn and Beasley, 2015). 

Invasive to the United States, the edible Asian clam (Corbicula flu-
minea) can be found in the some of the same waterways that are afflicted 
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with CHABs whose range is projected to increase this century (Chapra 
et al., 2017). These small (<5 cm) freshwater clams are native to South 
Asia and are a popular food around the world. The clams were intro-
duced into North America in the 1930s and can now be found in 44 of 
the U.S. states (NY Invasive Species Information, 2019). These clams 
have been noted to have a high physiological tolerance for fluctuations 
in temperature, pH, dissolved oxygen, and emersion (Sousa et al., 2008). 
In the U.S., the clam is generally sold canned or smoked in Asian markets 
and large quantities of fresh clams harvested from the Potomac River 
have been found to be sold in New York fish markets (Phelps, 1994). 

Eastern oysters (Crassostrea virginica) can be found along the eastern 
seaboard of North America, as well as in the Gulf of Mexico. These 
shellfish live in brackish zones of estuaries, where they can be exposed to 
brackish-tolerant freshwater cyanobacteria (Vareli et al., 2013). More so 
than Asian clams, oysters are an important commercial shellfishery in 
the United States, valued over $200 million in 2018 (NMFS, 2018). 
Gibble et al. (2016) reported that oysters (Crassostrea sp.) and mussels 
(Mytilus californianus) off the coast of California had microcystin levels 
in their tissue that were above the World Health Organization’s rec-
ommended total daily intake (TDI) limit of 0.04 µg kg− 1 body weight 
and the California guidance value of 10 µg kg− 1 (WHO, 1998; Chorus 
and Bartram, 1999). 

Suspension feeding bivalves remove particles from the water column 
and sort them using special feeding structures that move particles along 
the ctenidia for particle capture and waste removal (Atkins, 1937; 
Yonge, 1923). The cilia and cirri transport the particles to food grooves 
along parts of the gills, which in turn move the particles to the mouth. 
Particles are further sorted using the labial palps, which are paired 
structures around the mouth (Yonge, 1923). Corbicula spp. can filter 
bacteria more efficiently than native mussels due to more complex 
feeding structures, mainly more cilia and cirri (Vaughn and Haken-
kamp, 2001; Bolam et al., 2019). Oysters also sort particles on the cte-
nidium (Beals, 2004) and are known to filter particles greater than 5 μm 
with high efficiency (Riisgaard, 1988). Removal of particulate matter 
from the water column, either through ingestion of particles or by 
pseudofeces-production (ejecting mucus packets of rejected particles), 
can significantly influence water quality (zu Ermgassen et al., 2013). 

Bivalve clearance rates specifically refer to the volume of suspended 
particles in water cleared per unit time (Riisgard, 2001). The clearance 
rates and particle selection mechanisms leading up to accumulation of 
microcystin are poorly understood for C. fluminea and, to a limited 
extent, for C. virginica (Ward et al., 1997; Mafra et al., 2009). Liu et al. 
(2009) found a statistically significant lower clearance rate when 
C. fluminea were exposed to a microcystin-containing Microcystis 
compared to nontoxic Microcystis, and, more recently, Silva et al. (2020) 
observed that the strain of Microcystis offered to C. fluminea in their 
study was removed at a slower rate than a control alga, Raphidiopsis 
subcapitata. To date, no studies have quantified the rate at which 
C. fluminea or C. virginica accumulate microcystin-LR when exposed to 
bloom concentrations of freshwater cyanobacteria, while considering 
how quickly the bivalves could clear Microcystis from blooms. Freitas 
et al. (2014) exposed Asian clams to 1 × 105 cells mL− 1 of Microcystis for 
four days and documented an accumulation of microcystin-LR, but did 
not report on the dynamics of accumulation nor on clearance rates of 
algae. More recently, Boegehold and Kashian (2021) conducted filtra-
tion experiments with C. fluminea and quagga mussels (Dreissena ros-
triformis bugensis) using unicellular and colonial strains of Microcystis 
aeruginosa and found that filtration rates increased for both species 
during the experiment, though the Microcystis strains used did not pro-
duce microcystins at the time of the experiments. 

This study was conducted to provide a understanding of the ability of 
bivalves to filter feed on the CHAB Microcystis and the potential health 
risks posed by CHAB-exposed shellfish. To understand interactions be-
tween freshwater microcystin-producing cyanobacteria and shellfish, 
experiments were conducted with a freshwater bivalve that is present 
where CHABs begin (C. fluminea) and an estuarine bivalve present in 

estuaries and coastal zones where CHABs are eventually discharged 
(C. virginica). Laboratory experiments were performed exposing the bi-
valves to differing levels of cultured Microcystis as a monoculture and 
within a mixed culture, and clearance rates were quantified (Table 1). 
Field experiments were performed to assess the ability of the bivalves to 
clear cyanobacterial blooms of differing densities (Table 1). For both 
types of experiments, bivalve tissues were analyzed to assess the accu-
mulation of microcystins during the experimental exposures (Table 1). 
We hypothesized that Asian clams and eastern oysters exposed to toxic 
Microcystis aeruginosa, both cultured and wild, would accumulate 
microcystins at rates proportional to the rates at which cyanobacteria 
were cleared from the water. 

2. Materials and methods 

2.1. Collection and maintenance of shellfish 

Asian clams (30 – 50 mm) were collected from Lake Peconic, NY, 
USA (40.913, − 72.716), and added to a freshwater recirculating system 
with sand substrate at the Stony Brook - Southampton Marine Science 
Center. The clams were fed ad libitum the green microalga, Raphidocelis 
sp., (formerly known as Selenastrum). Eastern oysters (30 – 50 mm) were 
obtained from the Aeros shellfish hatchery (Southold, NY, USA) and fed 
ad libitum a mixed diet of Tisochrysis sp. and Tetraselmis sp.. The oysters 
were acclimated to 15 PSU (from ~30 PSU in hatchery waters) over 12 
days (Thompson et al., 2012) and then maintained at 15 PSU with 
weekly water changes. All bivalves were maintained with constant 
aeration. Bivalves were starved 24 h prior to experiments to ensure that 
any feces or pseudofeces produced were a result of the experiment and 
not a relic of earlier feeding (Leverone et al., 2007; Cranford et al., 
2011). Both clams and oysters had no previous exposure to Microcystis 
and microcystin in the lake or hatchery. 

2.2. Microalgal cultures 

Microcystis aeruginosa strain LE-3 (Brittan et al., 2000), isolated from 
Lake Erie, and Raphidocelis subcapitata were cultured in BG-11 media 
(Waterbury and Stanier, 1981). Cultures were maintained at 21 ◦C 
within exponential growth phase with light supplied on a 14:10 h cycle 
at 100 µmol photons m − 2 s − 1. Tisochrysis sp. and Tetraselmis sp. were 
grown under the same conditions in f/2 media without silicic acid 
(Guillard, 1975). Cultures were grown to >1 × 106 cells mL− 1 and 
diluted as needed. Aliquots of the Microcystis culture were saved for 
microcystin analysis and levels were quantified using a Eurofins Abraxis 
ELISA method as described in Harke et al. (2015). 

2.3. Laboratory experiments 

2.3.1. Monoculture clearance rate experiments 
The laboratory studies for the clams and oysters were conducted in 

250 mL beakers on four, 15-spot stir plates. The clams sat on raised mesh 
pedestals with magnetic stir bars underneath to keep the algal cells 
homogenized and suspended. The stir bars did not re-homogenize any 
excrement that was produced during the experiments. Three concen-
trations of M. aeruginosa were investigated ranging from a dense bloom 
to more moderate bloom conditions: 1) 1 × 106 cells mL− 1, 2) 5 × 105 

cells mL− 1, and 3) 2.5 × 105 cells mL− 1 (experiment 3.1.1; Table 1). 
R. subcapitata was offered to bivalves at the M. aeruginosa biovolume 
equivalent (2 Microcystis cells = one Raphidocelis cell; experiment 3.1.1; 
Table 1). Maintenance cultures were concentrated via centrifugation at 
3000 g for 10 min, quantified, and added to each treatment with di-
lutions made with filtered (1 µm) seawater and spring water to bring the 
experimental volume to 200 mL. There were six experimental replicates 
and three no-bivalve controls of each algal concentration. Initial samples 
from all beakers for cell density quantification were preserved with 1% 
formalin and analyzed using a Beckman Coulter CytoFLEX flow 
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cytometer and Nikon Eclipse TS100 microscope. Once all stir plates with 
the appropriate algal cell densities were established, bivalves were 
added and the moment when clams opened and stuck out their siphons 
to feed was recorded (Jacobs et al., 2015). Similarly, the time when 
oysters opened was also noted. During initial experiments, cell samples 
were collected initially every 20 min for one hour. Given that analyses 
revealed no significant difference between 20-min, 40 min, and 60-min 
clearance rates, during subsequent experiments final samples were 
taken after one hour. The oyster experiments differed from clam ex-
periments in that the oysters were placed in 250 mL beakers with a 
mixture of spring water and filtered seawater to achieve a final salinity 
of 15 PSU (Alexander et al., 2008; experiment 3.1.2; Table 1). There was 
the same number of experimental and control replicates for the oysters, 
but T. lutea replaced the R. subcapitata as the control algae (one Micro-
cystis cells = one Tisochrysis cell; experiment 3.1.1; Table 1). Final 
samples were taken after an hour and processed as described above. At 
the end of the experiments, bivalves were measured, shucked, and 
weighed before and after being placed in a 60 ◦C drying oven for 48 h. 

The clearance rates of monoculture experiments were quantified 
following the methods of Coughlan (1969) and then standardized to 
bivalve dry weight (Eq. (1)) 

CR =

V ×

[
ln (Co) − ln (Ct)

t

]

− A

Wd
(1)  

where CR is clearance rate, V is volume of suspension, Co is initial, Ct is 
final, A is the average of controls, and Wd is dry weight (Coughlan, 
1969). All clearance rates for Asian clams and oysters were standardized 
to the dry weight of the bivalve and were compared using a two-way 
ANOVA for each bivalve where algal food and cell densities were the 
main effects with post-hoc Tukey tests used to resolve differences among 
cell densities. Data were arcsine transformed as needed to meet 
normality and homogeneity of variance assumptions. When these as-
sumptions could not be met after transformation, non-parametric tests 
like ANOVA on ranks or Mann-Whitney Rank Sum were used. Clearance 
rates during hepatotoxin accumulation experiments were determined 
every 12 h, and dry weights were estimated from a linear dry weight to 
wet weight regression derived from measurements of >100 bivalves 
used in the monoculture experiments. 

2.3.2. Mixed culture clearance rate experiments 
Mixed culture experiments were performed with Microcystis and the 

control algae Raphidocelis or Tisochrysis to assess clearance rate and 
particle selection by C. fluminea and C. virginica. Asian clams were placed 
in beakers of 100:0, 75:25, 50:50, 25:75, or 0:100 Microcystis and 
Raphidocelis at Microcystis concentrations of 1 × 106 cells mL− 1, 5 × 105 

cells mL− 1, and 2.5 × 105 cells mL− 1 (experiment 3.1.3; Table 1) while 
oysters were placed in beakers of Microcystis and Tisochrysis using 
equivalent percentages (experiment 3.1.4; Table 1). Densities of the 

control alga were set to match the CHAB species in biovolume. There 
were six experimental replicates and three controls for each ratio. 
Clearance rates samples were collected one hour after the bivalves 
opened and samples for Beckman Coulter CytoFLEX flow cytometer and 
light microscope were preserved with 1% formalin and Lugol’s, 
respectively, with bivalve excrement collected as it was produced. The 
clearance rates for each of the five ratios were compared a two-way 
ANOVA with factors being cell densities and percentage of Microcystis 
in treatment. 

2.3.3. Natural bloom clearance rate experiments 
To understand the effects of wild cyanobacterial blooms on clearance 

rates by C. fluminea and C. virginica, experiments were performed with 
bloom water dominated by Microcystis (50 – 90% of algal biomass) 
collected from Lake Agawam, Long Island, NY, USA (40.881◦ N, 72.392◦

W). Levels of total chlorophyll a and the relative contribution of 
different phytoplankton groups to total chlorophyll a were quantified 
with a BBE Moldenke Fluoroprobe which estimates abundances of cya-
nobacteria, green algae, brown algae (e.g., diatoms, dinoflagellates, 
raphidophytes, and haptophytes) and cryptophytes based on differential 
fluorescence of photosynthetic accessory pigments (Beutler et al. 2002; 
Harke et al. 2015; Jankowiak et al., 2019). These trials had six experi-
mental replicates and three controls per treatment. The treatments were 
100% bloom water, 50% bloom water, and 25% bloom water for Asian 
clams. The treatments for oysters were 75% bloom water (10 PSU), 50% 
bloom water (15 PSU), and 25% bloom water (20 PSU), mimicking the 
gradual dilution of a freshwater bloom within an estuary. A 100% 
treatment was excluded because it was ecologically unrealistic for oys-
ters to be exposed to 0 PSU water. The Asian clam treatments were 
diluted with phytoplankton-free spring water and the oyster treatments 
were diluted with a mixture of phytoplankton-free spring water and 
filtered seawater. BBE fluoroprobe cyanobacteria levels for the Asian 
clam bloom water experiment was 142 µg chl-aL − 1 (10/2/2020) and 
the average diluted densities of the experiment were 110 µg chl-aL − 1, 
94 µg chl-aL − 1, 69 µg chl-aL − 1, and 33 µg chl-aL − 1 (experiment 3.2.1; 
Table 1). The oyster bloom water experiment occurred during one of the 
densest blooms of the year with the lake cyanobacteria levels reading 
4816 µg chl-aL − 1 (10/24/2020), and the diluted densities averaged 
1681 µg chl-aL − 1, 1096 µg chl-aL − 1, and 542 µg chl-aL − 1 (experiment 
3.2.2; Table 1). Selectivity indexes were quantified by measuring 
biomass levels of each group using a BBE Fluoroprobe (Vanderploeg 
et al., 2001; Jankowiak et al., 2019). Clearance rates of different algal 
groups measured on the Fluoroprobe were quantified via a two-way 
ANOVA whereby percent dilution and the algal group were the main 
effects. Differences among groups were analyzed with post-hoc Tukey 
multiple comparisons tests. The clearance rates for the accumulation 
experiments were standardized to expected dry weight by a linear 
regression of Wd = Wwa, where Wd is dry weight, Ww is the wet weight, 
and a is the coefficient derived from the measurement of 100 individuals 
measured during lab clearance rate experiments. 

Table 1 
Summary of the 10 experiments conducted during this study outlining algae used, bivalve used, experiment type, experiment duration, and the section within the 
results within which each experimental result is described.  

Experiment Type Treatment Duration (h) Bivalve cHAB species Control algae 

3.1 Laboratory Experiments 
3.1.1 Clearance Rate Monoculture 1 Asian clam Microcystis aeruginosa LE3 Raphidocelis subcapitata 
3.1.2 Clearance Rate Monoculture 1 Eastern oyster Microcystis aeruginosa LE3 Tisochrysis lutea 
3.1.3 Clearance Rate Mixed 1 Asian clam Microcystis aeruginosa LE3 Raphidocelis subcapitata 
3.1.4 Clearance Rate Mixed 1 Eastern oyster Microcystis aeruginosa LE3 Tisochrysis lutea 
3.1.5 Clearance rate & accumulation Monoculture 72 Asian clam Microcystis aeruginosa LE3 – 
3.1.6 Clearance rate & accumulation Monoculture 72 Eastern oyster Microcystis aeruginosa LE3 – 
3.2 Natural bloom clearance rate experiments 
3.2.1 Clearance Rate Bloom 1 Asian clam Lake Agawam Microcystis sp. Lake Agawam green algae 
3.2.2 Clearance Rate Bloom 1 Eastern oyster Lake Agawam Microcystis sp. Lake Agawam green algae 
3.2.3 Clearance rate & accumulation Bloom 96 Asian clam Lake Agawam Microcystis sp. – 
3.2.4 Clearance rate & accumulation Bloom 96 Eastern oyster Lake Agawam Microcystis sp. –  
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2.3.4. Electivity index 
The calculation for particle electivity was based on the Vanderploeg 

and Scavia (1979) electivity index (Ei; Eq. (2)). 

Ei =
Wi −

1
n

Wi +
1
n

(2)  

where Wi is the selection coefficient (Wi = Fi / ΣFi), that was calculated 
using the clearance rate on Microcystis (Fi) and the sum of grazing rates 
of both Microcystis and the control (ΣFi). n was the total number of prey 
types (Vanderploeg and Scavia, 1979). The index is determined by 
comparing the clearance rates of two algal prey species when both are 
present simultaneously and ranges from − 1 to 1. A positive number 
closer to 1 means preferential ingestion, while a negative number closer 
to − 1 means rejection of algal species. The electivity indexes for the 
mixed experiments and bloom water dilutions were compared using 
Student’s t-test and Mann-Whitney Rank Sum tests. 

2.3.5. Hepatotoxin accumulation experiments 
For hepatotoxin accumulation experiments, bivalves were exposed 

to Lake Agawam, NY bloom water for four days (experiments 3.2.3 and 
3.2.4; Table 1) and were exposed to 106 cells mL− 1 of cultured Micro-
cystis for three days (experiment 3.1.5 and 3.1.6; Table 1). The clam 
experiment was carried out October 8–11, 2020, with a BBE fluoroprobe 
initial cyanobacteria average of 118 ± 15 µg chl-aL − 1 (microcystin: 38 
± 3 µg L − 1; experiment 3.2.3; Table 1). The oyster experiment occurred 
October 27–30, 2020 (experiment 3.2.4; Table 1), with a BBE fluorop-
robe cyanobacteria average of 71 ± 12 µg chl-aL − 1 (microcystin: 29 ±
10 µg L − 1) after a 50% dilution with filtered seawater (final salinity of 
15 PSU). Both clams and oysters were kept in one-liter beakers and the 
temperature, dissolved oxygen, and pH were recorded at the beginning 
and end of each 12-hour period (Freitas et al., 2014). Cell densities were 
monitored, and cells (for lab experiment) and water (for Lake Agawam 
experiment) was replenished every 12 h, as the cells were consumed. 
Clearance rates were quantified every 12 h. Field-based clearance rates 
were compared using a two-way ANOVA between time point and algal 
class. For the culture experiments, there were 12 experimental replicates 
and three controls, and four bivalves were removed for hepatotoxin 
analysis after days 1, 2, and 3. For bloom water experiments, there were 
20 experimental replicates with three controls and five bivalves from 
each treatment were removed for hepatotoxin analysis after days 1, 2, 3, 
and 4. After sampling, the bivalves were weighed, shucked, and tissue 
was frozen. Hepatotoxins were measured from homogenized bivalves 
since that is what humans typically ingest (Chen and Xie, 2007; Ada-
movsky et al., 2017). 

For tissue extraction, triplicate shellfish from each date were shucked 
and the muscle tissue homogenized in a glass blender prior to extraction 
in acidified MeOH with probe sonication followed by bath sonication. 
The supernatant was then collected via centrifugation and SPE-cleaned 
using Bakerbond C18 6cc 500 mg columns, generally following Mekebri 
et al. (2009) with modifications as described. The columns were 
conditioned using 100% MeOH and 100% acidified water prior to 
loading the sample diluted to less than 10% MeOH with acidified water 
(0.1% Formic Acid, 0.05% Trifluoroacetic Acid). The sample was dried 
for 5 min on the column and then eluted with the Acid-MeOH. As an 
additional purification step, 600–1000 µl of the shellfish extract was 
extracted using STRATA-X 100 mg cartridges conditioned with MeOH 
and water. The sample was then loaded onto the column and rinsed with 
10% MeOH, prior to elution with 100% MeOH mixed with 2% Formic 
acid. 

Microcystin content in the shellfish tissue was analyzed using liquid 
chromatograph mass spectrometry (LCMS) on an Agilent 1200 HPLC 
system coupled to an Agilent 6150 MS using Selected Ion Monitoring 
(SIM) with JetSpray technology. Analysis was conducted following well- 
established protocols, developed by Mekebri et al. (2009) and subse-
quently refined and modified to accommodate specific sampling needs 

(Miller et al., 2010; Kudela 2012; Gibble and Kudela 2014; Gibble et al., 
2016; Peacock et al. 2018). Analysis was conducted with ESI in positive 
mode and SIM, using external certified reference material (NRC Canada, 
Sigma-Aldrich, and Abraxis Eurofins) as standards. Levels of the 
microcystin congeners MC-LR, MC-RR, MC-YR, MC-LA, and MC-LF were 
measured along with desmethyl-microcystin (dmLR). A two-way 
ANOVA with a covariate being cell densities and days of exposure was 
used to analyze the treatment groups measuring response variable 
microcystin content. Differences among groups were analyzed with 
post-hoc Tukey multiple comparisons tests. 

3. Results 

3.1. Laboratory experiments 

3.1.1. Asian clam and Microcystis monoculture clearance rate experiment 
In the culture-based monoculture clearance rate experiment con-

ducted with Asian clams, the clams cleared the Microcystis at higher rates 
than the Raphidocelis (p<0.05, Two-way ANOVA). Specifically, the 
clearance rates of the clams were significantly lower for Raphidocelis 
than Microcystis at the 1 × 106 cells mL− 1 level (p<0.05; Tukey test; 
Fig. 1). While not significantly different, there was evidence of a dose 
dependent algal preference. At the two lowest algal densities (2.5 × 105 

cells mL− 1 and 5 × 105 cells mL− 1) the toxic Microcystis and nontoxic 
Raphidocelis were cleared at similar rates of ~3 L h − 1 g − 1 and ~2 L h −
1 g − 1 respectively. At the highest algal density treatments (1 × 106 cells 
mL− 1) the Microcystis was cleared at an average of 3.97 L h − 1 g − 1, 
three times higher than the Raphidocelis (1.23 L h − 1 g − 1; Fig. 1). 

3.1.2. Eastern oyster and Microcystis monoculture clearance rate 
experiment 

In the monoculture clearance rate experiments with eastern oysters, 
clearance rates were not significantly different between algal species or 
across cell densities (p>0.05, Two-way ANOVA). For the 1 × 106 and 
2.5 × 105 cell mL− 1 densities, the clearance rates of the control algae 
Tisochrysis were ~33% less than Microcystis (Fig. 2). For the 5 × 105 cell 
mL− 1 density, the clearance rates of Microcystis were 74% lower than the 
control algae. The Microcystis clearance rates were 5.16 ± 1.5 L h − 1- g −
1, 0.99 ± 0.64 L h − 1- g − 1, 3.75 ± 0.75 L h − 1- g − 1 for 2.5 × 105, 5 ×
105, and 1 × 106 cell mL− 1 respectively, with Tisochrysis at 3.36 ± 0.94 L 
h − 1- g − 1, 3.92 ± 1.27 L h − 1- g − 1, and 2.50 ± 0.43 L h − 1- g − 1 

(Fig. 2). 

3.1.3. Asian clam and Microcystis mixed culture clearance rate 
experiments 

For the 1 × 106 cell mL− 1 density there was a significant difference 
between the treatments and between the algal type (p<0.05 for both; 
Two-way ANOVA; Fig. 3A). For the 5 × 105 cell mL− 1 density there was 
only a significant difference between algal type (p<0.05, Two-way 
ANOVA; Fig. 3B) and for the 2.5 × 105 cell mL− 1 density it was only 
for treatments (p<0.05, Two-way ANOVA; Fig. 3C). For 1 × 106 cell 
mL− 1, the 75% and 50% Microcystis treatment had significantly higher 
clearance rates than the 25% Microcystis treatments (p<0.05, Tukey 
test). During the same experiment, Microcystis was cleared significantly 
faster than Raphidocelis (p<0.05, Tukey), in the monoculture treatments 
(100% vs 0%) and in the 25% and 75% treatments (p<0.05, Tukey). 
Raphidocelis was cleared significantly faster than Microcystis in the 25% 
Microcystis treatment in the 5 × 105 cell mL− 1 density experiment 
(p<0.05, Tukey). Lastly, the 25% treatment had significantly slower 
clearance rates compared to the 75% Microcysts treatment in the 2.5 ×
105 cell mL− 1 (p<0.05, Tukey). In all Asian clam mixed experiments, 
there was a trend of increasing clearance rates as the percentage of 
Microcystis in the water increased, which usually peaked at the 75% 
treatment before dropping in the 100% treatment. Precise clearance 
rates appear in Fig. 3 and Supplemental Table 1. The Asian clams did not 
produce pseudofeces in the Microcystis mixed trials indicating that the 
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clams were ingesting the cells. Across all experiments, clams had a 
significantly high electivity index for Microcystis (0.027±0.028) 
compared to Raphidocelis (− 0.120±0.044) for (p<0.05, Student’s t-test, 
Fig. 3D; Supplemental Table 3). 

3.1.4. Oyster and Microcystis mixed culture clearance rate experiments 
There was no significant difference between algal type or treatments 

in the mixed culture-based oyster experiments (p>0.05, Two-way 
ANOVA). Precise clearance rates appear in Fig. 4 and Supplemental 
Table 2. The combined electivity index for all the mixed culture oyster 
experiments showed there were no significant differences in the elec-
tivity indexes for Tisochrysis and Microcystis (− 0.161±0.073 and − 0.046 

±0.073, respectively; p>0.05, Wilcox on Signed Rank Fig. 4D; Supple-
mental Table 3). 

3.1.5. Three-day Asian clam clearance rates and hepatotoxin accumulation 
During the three-day clearance rate and hepatotoxin accumulation 

experiment with Asian clams, clearance rates significantly decreased by 
99% over the three-day period (p<0.001; One-way ANOVA; Fig. 5A) 
dropping from 0.97 L h − 1 g − 1 to 0.08 L h − 1 g − 1. Specifically, the 12 
and 24 h clearance rates were significantly higher than the 36, 48, and 
60 h clearance rates, and after the initial drop in feeding the 72-hour 
clearance rates were significantly higher than the 48- and lower 60- 

Fig. 1.. Clearance rates of monocultures of the toxic cyanobacterium Microcystis and nontoxic green algae Raphidocelis (formerly Selenastrum) by the freshwater 
Asian clam. Clams were incubated in cultures of three densities 1 × 106, 5 × 105 and 2.5 × 105 cell mL− 1. The clearance rates of the clams were significantly lower for 
Raphidocelis than Microcystis at the 1 × 106 cells mL− 1 level (p<0.05; Tukey test). Error bars indicate standard error. 

Fig. 2.. Clearance rates of monocultures of the toxic cyanobacterium Microcystis and nontoxic algae Tisochrysis by the eastern oyster. Oysters were incubated in 
cultures of three densities 1 × 106, 5 × 105 and 2.5 × 105 cell mL− 1. Clearance rates were not significantly different between algal species or across cell densities 
(p>0.05, Two-way ANOVA). Error bars indicate standard error. 
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hour clearance rates (p<0.05, Tukey). The microcystin concentrations in 
the clam tissue (ng g − 1) generally tracked clearance rates, going from 
3668 ng g − 1 after 24 h to 1625 ng g − 1 after 48 h and finally to 719 ng g 
− 1 after 72 h (Fig. 5B). The amount of microcystin in the clams at 24 h 
was significantly higher than the levels after 72 h (p<0.05, One-way 
ANOVA, p<0.05, Tukey). For the congeners, LR was significantly 
higher between day 1 and days 2 and 3 (p<0.05, One-way ANOVA, 
p<0.05 Tukey), LF between day 1 and 3 (p<0.05, One-way ANOVA, 
p<0.05 Tukey), dmLR between day 1 and days 2 and 3 (p<0.05, One- 
way ANOVA, p<0.05 Tukey), and LY between day 1 and 2 (p<0.05, 
One-way ANOVA, p<0.05 Tukey). 

3.1.6. Three-day oyster clearance rates and hepatotoxin accumulation 
In contrast to the clams, oyster clearance rates varied little over the 

three-day experiment, averaging 0.11 ± 0.02 L h − 1 (p>0.05, One-way 
ANOVA; Fig. 6A). The microcystin in the oyster tissue (ng g − 1) 
increased over time from 2627 ng g − 1 to 1873 ng g − 1 and to 4905 ng g 
− 1 after 24, 48, and 72 h, respectively (p<0.05, One-way ANOVA) 
(Fig. 6B). Beyond the total amount of microcystin increasing signifi-
cantly by the end of the experiment, the levels of each microcystin 
congener also increased significantly each day (p<0.05, One-way 
ANOVA; Fig. 6B). Specifically, LR was different between day 3 and 
day 1 and 2 (p<0.05, One-way ANOVA, p<0.05 Tukey), LF between day 
2 and 3 (p<0.05, One-way ANOVA, p<0.05 Tukey), dmLR for day 3 and 
day 1 and 2 (p<0.05, One-way ANOVA, p<0.05 Tukey), and for LY 

Fig. 3.. Clearance rates of mixed treatments of the toxic cyanobacterium Microcystis and nontoxic green algae Raphidocelis (Selenastrum) by the freshwater Asian 
clam. Clams were incubated in five ratios of mixed cultures at three densities A) 1 × 106, B) 5 × 105 and C) 2.5 × 105 cell mL− 1, where each bar represents average 
clearance rates and error bars indicate standard error. The electivity index (D) for Microcystis LE-3 was significantly higher than for Raphidocelis. 
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between day 2 and 3 (p<0.05, One-way ANOVA, p<0.05 Tukey). 

3.2. Natural bloom clearance rate experiments 

3.2.1. Asian clam and bloom water clearance rate experiment 
From March to May the green algae class was most abundant in Lake 

Agawam (mean = 84 µg green algae L − 1), but for the rest of the year, 
and during experiments that were all performed during the fall, cya-
nobacteria were the dominant class ranging from 64 – 5000 µg L − 1 with 

all other groups being <10 µg L − 1 (Fig. 7). Microscopic evaluation 
indicated that Microcystis was the dominant algal species for all blooms, 
although green algae, diatoms, and other cyanobacteria species were 
also present. Levels of cyanobacteria during the hour-long clearance rate 
experiment with Asian clams (average of 142 µg cyanobacteria L − 1 on 
10/2/20) were similar to levels during the four-day accumulation 
experiment with Asian clams (average of 117 µg cyanobacteria L − 1 from 
10/8/20 to 10/11/20; Fig. 7). 

Asian clams exposed to whole (100% = 142 µg chl-a L − 1) and 

Fig. 4.. Clearance rates of mixed treatments of the toxic cyanobacterium Microcystis and nontoxic algae Tisochrysis by the eastern oysters. Oysters were incubated in 
five ratios of mixed cultures at three densities A) 1 × 106, B) 5 × 105 and C) 2.5 × 105 cell mL− 1. There was no significant difference between algal type or treatments 
in the mixed culture-based oyster experiments (p>0.05, Two-way ANOVA). Each bar represents average clearance rate standardized to dry oyster weight over the 60- 
minute exposure and error bars indicate standard error. There was a negative electivity index for Microcystis and Tisochrysis (D). 
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diluted (25%, 50%, 75% = 35, 71, 106 µg chl-a L − 1) natural bloom 
water from Lake Agawam, NY, had significantly higher clearance rates 
in more dilute bloom water and had faster clearance rates for green 
algae compared to cyanobacteria (p<0.05 for both; two-way ANOVA; 
Fig. 8A). An important point here is that green algae levels were only ~4 
µg chl-a L − 1 in the 100% treatment, so in no way was biomass matched 
between algal classes. Clearance rates were 0.59 L h − 1 g − 1 for cya-
nobacteria and 1.71 L h − 1 g − 1 for green algae in the 25% treatment, 
1.33 L h − 1 g − 1 for cyanobacteria and 2.26 L h − 1 g − 1 for green algae 
in the 50%, 0.09 L h − 1 g − 1 for cyanobacteria and 1.05 L h − 1 g − 1 for 
green algae in the 75%, and 0.13 L h − 1 g − 1 and 1.09 L h − 1 g − 1 for 
green algae in whole bloom water (Fig. 8A). Tukey tests indicated sig-
nificant differences across levels (p<0.05; Tukey Test) between algal 
types in all treatments except for 50% and for the 50% treatment 
compared to the 100% and the 75% treatment for the blue green data. 
Clams did not produce pseudofeces during the 60-minute exposure. 
Clams overall had a significantly higher electivity index for green algae 
compared to cyanobacteria (− 0.412±0.063 and 0.107±0.055, p<0.05, 
Mann-Whitney Rank Sum test, Fig. 8B;; Supplemental Table 3). 

3.2.2. Oyster and bloom water clearance rate experiment 
The oyster hour-long clearance rate experiment was performed with 

the densest bloom of the year (whole water reading of ~5000 µg chl-a L 
− 1 on 10/24/20. Oysters incubated in bloom water from Lake Agawam, 
NY, had similar clearance rates for cyanobacteria across the three con-
centrations: 25%, 50%, and 75% (543, 1096, 1681 µg chl-a L − 1 after 
dilution; p>0.05, ANOVA on ranks; Fig. 9); levels of green algae were 
below detection limited during this experiment. Oysters produced some 

pseudofeces, but they were too difficult to collect and quantify. Attempts 
at collection caused the pseudofeces to disperse and associated mucous 
that was collected stuck inside pipette tips. 

3.2.3. Four-day bloom Asian clam clearance rates and hepatotoxin 
accumulation 

During the four-day experiment with Asian clams using Lake Aga-
wam bloom water (mean cyanobacterial biomass = 118±15 µg chl-a L −
1 from 10/8/20 to 10/11/20), clams cleared green algae at an average of 
40% higher rates than cyanobacteria (Fig. 10A). There were no signifi-
cant differences in the clearance of green algae and cyanobacteria over 
the four days (p>0.05; ANOVA on ranks). The clearance rates of green 
algae went from 0.75 L h − 1 g − 1 to 0.16 L h − 1 g − 1 on the final day. 
The cyanobacteria clearance rates were 0.50 L h − 1 g − 1 on the first day 
and dropped to 0.12 L h − 1 g − 1 on the final day. The total microcystin 
found in the tissues was low and did not differ significantly over time 
being 0.06 ng g − 1, 0.23 ng g − 1, 0.17 ng g − 1, and 0.035 ng g − 1 after 
24, 48, 72, and 96 h (p>0.05, One-way ANOVA). Again, green algae 
levels on average were much lower than cyanobacteria (4.6 ± 0.23 µg 
chl-a L − 1). Clams had a significantly higher electivity index for green 
algae compared cyanobacteria (− 0.084±0.014 and 0.032±0.020, 
respectively, p<0.05, Mann-Whitney Rank Sum test, Fig. 10B; Supple-
mental Table 3). 

3.2.4. Four-day bloom oyster clearance rates and hepatotoxin 
accumulation 

During the four-day experiment with oysters (mean cyanobacterial 
biomass = 71±12 µg L − 1 from 10/27/20 to 10/30/20), the clearance 

Fig. 5.. A. Clearance rates and B. microcystin accumulation of Asian clams during exposure to Microcystis LE3 over three days. Bars are means and error bars indicate 
standard error. Clearance rates and tissue toxins decreased significantly over the three days (p<0.001; One-way ANOVA). 
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rates standardized to dry weights for cyanobacteria started at 0.51 ±
0.07 L h − 1 g − 1, peaked at 0.79 ± 0.15 L h − 1 g − 1 at 36 h, and then 
dropped to 0.16 ± 0.07 L h − 1 g − 1 for the 96-hour time point. The 
oyster’s clearance rates of green algae were nearly an order of magni-
tude lower than those of cyanobacteria (0.08 ± 0.03 L h − 1 g − 1; 
Fig. 11), and oyster clearance rates of cyanobacteria declined over the 

course of the experiment (p<0.05; ANOVA on ranks). Clearance rates at 
12-hour and 36-hour time points were significantly higher than rates for 
the 48-, 60-, 72-, 84-, and 96-hour time points (p<0.05 Tukey). The total 
microcystin found in the tissues increased 20-fold during the experiment 
but did not differ significantly over time, at 0.09 ng g − 1, 0.68 ng g − 1, 
1.94 ng g − 1, and 1.45 ng g − 1 after 24, 48, 72, and 96 h (p>0.05, One- 

Fig. 6.. A. Clearance rates and B. microcystin accumulation of eastern oysters during exposure to Microcystis LE3 over three days. Bars are means and error bars 
indicate standard error. Clearance rates decreased slightly over the three days (p>0.05, One way-ANOVA while tissue toxins increased (p<0.05, One-way ANOVA). 

Fig. 7.. Dynamics of cyanobacteria, green algae, and diatoms in Lake Agawam, NY, USA, May to December 2020. Triangles indicate the date of clearance rate 
experiments while squares denote dates of microcystin accumulation experiments. Clam experiments are red symbols whereas oyster experiments are yel-
low symbols. 

N.R.W. Straquadine et al.                                                                                                                                                                                                                     



Harmful Algae 115 (2022) 102236

10

way ANOVA). Oysters produced pseudofeces during this field experi-
ments which were added to BG11 media in a 21 ◦C incubator but did not 
produce vegetative cells after two weeks. Two oysters died over the 
course of this four-day experiment. 

4. Discussion 

This study was conducted to assess the ability of bivalves to filter 
feed Microcystis and to determine whether or not they accumulated 
microcystin, in order to gain insight regarding how bivalves may be 
affected by freshwater blooms that migrate into estuaries. While Asian 

Fig. 8.. A. Asian clam clearance rates of cyanobacteria and green algae during a Microcystis-dominated bloom within Lake Agawam, NY, USA. B. Electivity index of 
clams for cyanobacteria and green algae. Whole bloom water (100%) was progressively diluted with filtered lake water at proportions of 75, 50, and 25% lake water 
(25, 50, and 75% filtered water). Clams has significantly lower electivity index for cyanobacteria compared to green algae (p<0.05, Mann-Whitney Rank Sum Test). 
Error bars indicate standard error. 

Fig. 9.. Clearance rate of eastern oysters during a Microcystis-dominated bloom in Lake Agawam, NY, USA. Whole bloom water (100%) was progressively diluted 
with filtered lake water at proportions of 75, 50, and 25% lake water (25, 50, and 75% filtered water). The oysters had similar clearance rates for cyanobacteria 
across the three concentrations (p>0.05, ANOVA on ranks). Error bars indicate standard error. The monospecific nature of the bloom prohibited the determination of 
electivity indexes. 
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Fig. 10.. A. Clearance rates and microcystin accumulation of Asian clams a during four-day exposure to Lake Agawam bloom water. B. Electivity index of clams for 
cyanobacteria and green algae. Clams had significantly higher electivity index (B) for green algae compared to cyanobacteria (p<0.05, Mann-Whitney Rank Sum 
test). Error bars indicate standard error. 

Fig. 11. Clearance rates and microcystin accumulation of eastern oysters during a four-day experiment with water from Lake Agawam. Clearance rates of cyano-
bacteria significantly declined over the experiment (p<0.05, ANOVA on ranks), and the microcystin in oyster tissue increased but not significantly (p>0.05, One-way 
ANOVA). The monospecific nature of the bloom prohibited the determination of electivity indexes. 
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clams readily cleared Microcystis and accumulated microcystin in cul-
ture, their filtration rates slowed after short exposure periods (days), 
resulting in net hepatotoxin depuration. In addition, Asian clams cleared 
natural bloom populations of Microcystis significantly slower than cul-
tures and preferentially cleared green algae over Microcystis blooms and, 
consequently, accumulated lower microcystin amounts when exposed to 
blooms compared to cultures of Microcystis. While eastern oysters also 
cleared Microcystis from cultures at a faster rate than field bloom pop-
ulations, they displayed no depuration of microcystin over multi-day 
exposures and accumulated greater amounts of microcystin compared 
to clams when exposed to field bloom conditions. Collectively, these 
observations bring new insight into the prospect of microcystin accu-
mulation in bivalves. 

4.1. Microcystis 

4.1.1. Microcystis sp. blooms vs Microcystis aeruginosa LE-3 culture 
While there were many differences between experiments with bloom 

water and cultures, one of the greatest was the distribution of particle 
sizes. Microcystis aeruginosa LE-3 is a single or double cell strain whereas 
the bloom population in Lake Agawam exist primarily as large colonies 
(>100 µm), as is the case for most field populations (Orr et al., 2004; 
Harke et al., 2016). A culture of 1 × 106 cells mL− 1 Microcystis aeruginosa 
LE-3 was equivalent to ~30 µg chl-aL − 1 using the BBE Fluoroprobe 
whereas experiments performed with bloom water had initial undiluted 
biomass levels of 143 and 4817 µg chl-aL − 1 for clam and oyster 1-hour 
experiments and 118 and 129 µg chl-aL − 1 averages for clam and oyster 
4-day experiments. While these were diluted up to 25%, biomass levels 
and, likely Microcystis densities were higher during bloom experiments. 
Hence, the lower clearance rates during field experiments could have 
been caused by higher biomass levels (Riisgård, 1988, 2001) as well as 
the fact that Microcystis exists in dense colonies. 

4.1.2. Microcystis nutritional values 
Bivalve clearance rates can also be influenced by the nutritional 

qualities of the plankton on which they feed. Algae grown under 
different conditions, in this case Lake Agawam compared to nutrient- 
rich BG-11 media, can be biochemically different (Waterbury and Sta-
nier, 1981; Wikfors et al., 1984). In long-term studies examining the 
growth of C. fluminea fed cyanobacteria, clams had positive somatic 
growth rates compared to starved clams but grew substantially slower 
compared to a diet of eukaryotic algae with a higher lipid content 
(Basen et al., 2011). Microcystis has a low concentration of sterols, an 
important biochemical nutrient, and when cyanobacterial diets are 
supplemented with sterols, clams grow significantly faster (Basen et al., 
2012). Given the short-term nature of these experiments, direct growth 
effects on bivalves would be minimal, but nutritional content could have 
altered clearance rates during multi-day experiments as consumption 
and digestion of cells might have begun to influence the physiology of 
the bivalves (Capelle et al., 2021; Dutertre et al., 2017). 

4.2. Clearance rates 

4.2.1. Asian clam clearance rates 
During one-hour exposures to Microcystis, clearance rates of Asian 

clam were significantly greater than clearance rates during multi-day 
exposures. Liu et al. (2009) had found a statistically significant lower 
hourly clearance rate when these clams were exposed to 1 × 106 

M. aeruginosa cells mL− 1 compared to a nontoxic alga of the same den-
sity. In contrast, during the present study, the clams fed Microcystis 
cleared cells significantly faster than the control algae at all three 
biomass levels. In addition, clams had higher clearance rates when fed 
mixtures of Microcystis and Raphidocelis compared to monoculture 
(100% Microcystis or Raphidocelis) treatments, though not significantly 
so. This difference has also been found for another freshwater invasive 
bivalve, the zebra mussel (Dreissena polymorpha), which had 

significantly higher clearance rates for Microcystis and Scenedesmus 
mixtures compared to monocultures of the algae or cyanobacteria 
(Dionisio Pires et al., 2004). Dionisio Pires et al. (2004) suggested this 
was due to 1) particle texture and taste and 2) the particle mixture has to 
be drawn into the clam first before being rejected on the gill surfaces 
(Vanderploeg et al., 2001). In the present study, the higher clearance 
rates in the mixture treatments might have been due to rapid sorting 
between the spherical Microcystis and the sickle-shaped Raphidocelis that 
was twice the biovolume. Clams were more selective than oysters, 
electing for Microcystis LE-3 over Raphidocelis in culture experiments and 
for green algae over cyanobacteria in field experiments. 

4.2.2. Oyster clearance rates 
In contrast to Asian clams, oysters discriminated less between 

Microcystis and other algae as there was no significant difference in their 
clearance of Microcystis and Tisochrysis in monoculture trials and there 
was no difference in electivity indexes of oysters for cultured Microcystis 
and Tisochrysis. Similarly, zebra mussels do not discriminate against 
cyanobacteria and graze effectively on small (4 µm) Microcystis cells 
(Dionisio Pires et al., 2004). In addition, unlike Asian clams that dis-
played an order of magnitude decline in clearance rates during 
multi-day exposures to Microcystis cultures, oyster feeding rates were 
unchanged over a 72-h exposure period. During bloom exposures, 
clearance rates by oysters were lower than the clearance rates for cul-
tures and rates declined slightly over a 96-h exposure but remained at 
levels more than an order of magnitude greater than Asian clams 
throughout the experiment. While examining bivalve clearance in-
dicates whether algal cells were initially ingested, pseudofeces produc-
tion indicates rejection of food prior to digestion (Ward et al., 1994). 
Although Asian clams did not produce pseudofeces, oysters did so during 
field experiments indicating rejection of some Microcystis. 

4.3. Particle size and biomass 

4.3.1. Asian clams and particle size 
As previously noted, differences in biomass levels and particle sizes 

could explain the differences in clearance rates between field and lab 
experiments. Asian clams are generally considered to be non-selective 
suspension feeders (Lauritsen 1986; Vaughn and Hakenkamp 2001), 
and particle sorting in bivalves has been found to be affected by the size 
and shape of suspended materials (Ward et al., 1998, Vanderploeg et al., 
2001, Basen et al., 2011). Asian clams can clear particles ranging in size 
from 5 to 30,000 µm2 (Wallace et al., 1977, Lauritsen 1983). Digital 
imaging flow cytometry has documented Microcystis colonies ranging 
from 579 µm2 to 39,029 µm2 in size (Park et al., 2019), suggesting that 
clams could theoretically physically manage some of the large colonies 
though the range in sizes of the Microcystis colonies from Lake Agawam 
are not known. Additionally, variation in gill structure between bivalves 
is thought to create differences in particle sorting ability (Ward et al., 
1997; Basen et al., 2011). Corbicula gill structures have a greater surface 
area (more cilia and cirri) compared to other freshwater bivalves which 
allows them to be more efficient at removing particles from the water 
column, although particle size becomes more influential on filtration 
rate when particle concentration is low for some other bivalves (Vaughn 
and Hakenkamp, 2001; Bolam et al., 2019). Short term (1 h) clearance 
rates of Asian clam were lower when exposed to bloom water from Lake 
Agawam as compared to Microcystis aeruginosa LE-3 in culture, with 
culture-based clearance rates ranging from 1 – 5 L g − 1 d − 1 and 
bloom-water rates ranging from 0.1 – 1.3 L g − 1 d − 1 (p<0.05, ANOVA 
on Ranks). The Microcystis colonies may have been too large to be 
quickly sorted in the one-hour clearance rate experiment, while the ~4 
µm (~50 µm2) single cells of M. aeruginosa LE-3 and 2–8 µm Raphidocelis 
cells were likely easily drawn in by the clams. In experiments with zebra 
mussels, bloom water containing toxic Microcystis colonies >53 µm were 
filtered less efficiently than colonies <53 µm (Vanderploeg et al., 2001). 
In the Boegehold and Kashian (2021) experiment, C. fluminea had higher 
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filtration rates of the unicellular strain of Microcystis aeruginosa offered 
over the 96 h as compared to the colonial strain, which was likely due to 
size difference since no microcystins were present. Other Corbicula sp. 
have shown the ability to reject toxic Microcystis cells without metabo-
lizing them (Pham et al., 2015), but this was not seen in these experi-
ments as cells were consumed and pseudofeces were not produced 
during both short (one hour) and long-term experiments (four days). 
C. fluminea are capable of removing single cell, chain-forming and fila-
mentous cyanobacteria (Synechococcus elongatus, Anabaena variabilis, 
Aphanizomenon flos-aquae), but typically produce more pseudofeces and 
have lower ingestion when exposed to these cyanobacteria (Basen et al., 
2011, 2012). The lack of pseudofeces production when fed Microcystis 
indicates that C. fluminea did not reject the Microcystis in the lab or field 
but rather consumed cells, albeit at extremely low rates in the case of the 
field experiments, potentially due to the higher biomass present (Riis-
gård, 1988, 2001). 

4.3.2. Oysters and particle size 
Oysters are well-known for their rapid filtration rates (Newell, 2004; 

zu Ermgassen et al., 2013; Weissberger and Glibert, 2021) and are 
known to specifically filter particles greater than 5 μm with high effi-
ciency (Riisgaard, 1988) and remove particles 2–4 µm more efficiently 
than 1 μm particles (Haven and Morales-Alamo, 1970). Microcystis LE-3 
and Tisochrysis are near-spherical microalga with 4 µm and 5 μm di-
ameters, respectively, and there was no significant difference between 
clearance rates in mixed trials for the similar sized algae. Oysters can 
preferentially ingest and reject organic material found in natural seston 
(Newell and Jordan 1983; Ward et al., 2019; Weissberger and Glibert, 
2021) that travels across the gills by grooves and tracts with materials 
further sorted by cilia (Yonge, 1923; Ward et al., 1994). Using endos-
copy, Ward et al. (1994) deduced that an increase in particle density led 
to a “slurry” of particles traveling across gill grooves and higher rate of 
intake. Oyster clearance rates were lowest in the one-hour bloom 
experiment, likely due to the high Microcystis density and/or the colony 
morphology as this experiment has nearly an order of magnitude higher 
biomass levels than other field experiments. When exposed to high 
concentrations of algae, the grooves in which particles travel in oysters 
produced excess mucus (Ward et al., 1994). This mucus might explain 
the species differences in clearance rates and needs more exploration. 
Despite the high biomass for short term (one hour) experiments for the 
oysters, the clearance rates were not the lowest seen for all oyster ex-
periments (1.16±0.48 µg chl-aL − 1 for 25% dilution, 0.35±0.39 for the 
50% dilution, and 0.65±n/a for the 75% dilution). The oyster experi-
ment with the lowest clearance rates was the 4-day bloom water 
experiment. In this case there was a much lower average density of 
cyanobacteria (129 µg chl-aL − 1)) cleared which peaked at 0.79 L h − 1 g 
− 1 at 36 h and dropped to 0.1 L h − 1 g − 1 by 96 h, suggesting prolonged 
exposure to blooms has a greater inhibitory effect on clearance rates 
than high biomass levels. 

4.4. Hepatotoxin accumulation 

4.4.1. Hepatotoxin accumulation in Asian clams 
During exposures to Microcystis (field and culture), clearance rates 

for Asian clams began high but then declined to low levels after 24 h 
suggesting an effect by the accumulation and exposure to Microcystis 
cells and associated compounds. As noted earlier, Microcystis is a poor 
nutritional source for bivalves (Basen et al., 2011; Basen et al., 2012). A 
recent study of Asian clams found that high concentrations of micro-
cystin from Microcystis cells can reduce glutathione sulfur transferase 
activity which is a detoxification biomarker and thus could cause 
impairment and, ultimately, mortality (Chen et al., 2021). In addition, 
exposure to microcystin-producing Microcystis suppresses immune 
functions in zebra mussels (Juhel et al., 2015). Hence, short-term 
exposure to Microcystis may have compromised the physiology of 
Asian clams, contributing to lowered clearance rates. While assessing 

the chronic toxicity of microcystins was outside the scope of this study, 
Gene et al. (2019) observed that microcystins can exert toxic effects on 
juvenile freshwater mussels (Lampsilis siliquiodea) at environmentally 
relevant concentrations. 

The temporally dynamic feeding by Asian clams and differences 
between culture and field-based clearance rates were reflected in 
microcystin accumulation and depuration. In both cases, clams accu-
mulated higher levels of microcystin after 24 – 48 h compared to the end 
of experiments, evidence for net microcystin accumulation followed by 
net depuration. The absolute concentrations of microcystin accumulated 
provides insight into this process and potential mechanisms as well. In 
culture, clams contained ~4000 ng g − 1 after only 24 h of exposure but 
decreased to 1600 and 700 ng g − 1 after 48 and 72 h, respectively, 
indicating a rapid hepatotoxin accumulation and depuration, despite 
continued exposure and clearance of cells. Depuration rates over the 
final two days were linear at ~60 ng g − 1 h − 1, a rate that, if continued, 
would have fully eliminated microcystin from tissues in another day. 
Bloom exposed clams only accumulated 0.2 ng microcystin g − 1 after 48 
h and depurated to < 0.1 ng microcystin g − 1 after 96 h suggesting the 
lower clearance rates in the presence of colonies limited uptake of 
microcystin. The significant reduction in clearance rates despite low 
levels of microcystin accumulation in tissues suggests that reduced 
clearance rates in field populations were a function of food quality (e.g., 
colonies) or quantity rather than the accumulation of microcystin in 
tissues. While it appears that Asian clams can fully depurate micro-
cystins from their tissues in a matter of days, longer experiments are 
needed to confirm this. Regardless, it is of note that in another study 
where C. fluminea were fed a culture of M. aeruginosa (105 cells L − 1), 
microcystin accumulated to 26 - 100 ng g − 1 after four days (Freitas 
et al., 2014). While this study did not track microcystin levels over time, 
it is likely that clams in our experiment would have contained levels of 
microcystin within this range after four days had the decay rate 
observed during the first 72 h of the experiment continued. 

4.4.2. Hepatotoxin accumulation in oysters 
The findings of this study suggest that eastern oysters are likely to 

accumulate microcystins present in brackish water environments 
downstream of intense Microcystis blooms due to in high bio-
accumulation and slow depuration. During a three-day clearance rate 
experiment, oysters filtered at constant rates and accumulated 3000 – 
5000 ng microcystin g − 1 after three days with no evidence of hep-
atotoxin depuration. In a study by Gibble et al. (2016), cultured oysters 
from the US West Coast (Crassostrea sp.) were exposed to a culture of ~1 
× 106 cells mL− 1 Microcystis water for 24 hour when they accumulated 5 
ng microcystin g − 1 and were moved to Microcystis-free water where 
they exponentially depurated more than half of the cyanotoxin in 12 h, 
but retained the remaining microcystin for four weeks and still had 
detectable levels after 8 weeks. This indicates that microcystin can 
persist in oyster tissue months even after a brief (24 hour) exposure to 
microcystin. For other algal toxins, like brevetoxins, eastern oysters 
depurated 78% after two weeks, but 22% brevetoxin and subsequent 
metabolites were still detectable in oysters after 82 days (Griffith et al., 
2013). Given that depuration times of organic contaminants in oysters 
tend to depend on contaminant molecular weights (Sericano et al., 
1996), it would be of interest to understand depuration of multiple 
microcystin congeners over time. Regardless, the results of this and prior 
studies suggest oysters can retain microcystin for weeks-to-month after 
exposure to blooms of Microcystis and thus transfer the cyanotoxin to 
humans if ingested. 

While oyster clearance rates were significantly lower during field 
exposures compared to experiments with culture, rates were an order of 
magnitude higher than Asian clams. Still, microcystin accumulation in 
oysters was three orders of magnitude lower during bloom experiments 
compared to laboratory experiments, suggesting that the lowered 
clearance rates as well as the presence of Microcystis colonies limited the 
uptake of microcystin. In addition, during the bloom water experiment, 
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oysters produced pseudofeces that would have also lowered cyanotoxin 
accumulation since some cleared cells and colonies were rejected as 
pseudofeces. Pseudofeces production by eastern oysters varies for 
harmful marine algae in 1 × 104 cells mL− 1 densities, with Heterosigma 
akashiwo causing the oysters to produce no pseudofeces, Alexandrium 
fundyense causing small amounts of feces production, and Prorocentrum 
minimum causing both feces and pseudofeces production (Hegaret et al., 
2007). In the present study, oysters removed some Microcystis cells and 
colonies but might have avoided some microcystins by producing 
pseudofeces. 

During the four-day accumulation experiment, two oysters died, an 
outcome that did not occur during the 72-hour experimental exposure to 
M. aeruginosa cultures. The microcystin content for the bloom water 
was, on average 32 µg L − 1, compared to the concentrations in cultured 
algae at 114 µg L − 1, and the microcystin content of oysters during the 
field experiments was orders of magnitude lower than the culture 
experiment suggesting that microcystin was not solely responsible for 
the mortalities. As noted above, clearance rates were lower during the 
field experiment and progressively declined over the course of the 
experiment. Moreover, the production of pseudofeces and low sterol 
content of Microcystis (Basen et al., 2011, 2012) would have reduced 
nutritional intake for these animals even further. This lack of nutrition 
coupled with impairment of glutathione sulfur transferase activity 
(Chen et al., 2021) and immune function (Juhel et al., 2015) all likely 
contributed to the mortality of these oysters. It is likely a more pro-
longed exposure could have cause additional mortality in this experi-
ment and that such an outcome in an ecosystem setting would also be 
plausible. 

4.4.2.1. Salinity tolerance of Microcystis. The increasing prevalence of 
Microcystis blooms globally (Ho et al., 2019) coupled with the salinity 
tolerance of Microcystis (Orr et al., 2004; Preece et al., 2017) has 
increased the likelihood of Microcystis and therefore microcystin 
entering and persisting in estuaries. Microcystis cells can tolerate 
brackish waters of up to 15 PSU, although higher salinities cause 
cell-lysis and subsequent release of toxins (Orr et al., 2004; Preece et al., 
2017). During this study, the single-celled Microcystis LE-3 did not lyse 
in 15 PSU while changes in colony morphology in the oyster bloom 
experiments was not noted. Gibble et al. (2016) noted that Microcystis 
cells in colonies can remain intact and viable for 24 h even at full 
salinity. Adult C. virginica can tolerate and even thrive at salinities less 
than 3 PSU where they have a refuge from disease and marine predators 
(Levinton et al., 2011) whereas juveniles grow optimally at 7–16 PSU 
(Heilmayer et al., 2008; Scharping et al., 2019). Salinities above 15 PSU 
would cause a break-up of Microcystis colonies and eventual decrease in 
total Microcystis cell concentrations as cells lyse over time, causing a 
subsequent increase in dissolved or abiotic particulate microcystin levels 
in the water (Gerard et al., 2005) which may be absorbed by oysters 
(Gibble et al., 2016). There are, therefore, multiple factors that make 
eastern oyster particularly vulnerable to microcystin exposure in estu-
aries hosting microcystin-producing CHABs in their headwaters. 

4.5. HAB mitigation using bivalves 

Bivalves, especially freshwater dreissenids, are often considered to 
be a phytoplankton bloom or even HAB control measure due to their 
prodigious filter feeding capacities (Officer et al., 1982; Waajen et al., 
2016). This study documented the potential of bivalves to filter feed 
during intense and toxic blooms, at least during short term, monoculture 
experiments. Other findings, however, indicate that deploying Asian 
clams or eastern oysters to control Microcystis blooms would likely be 
ineffective. The Asian clams cleared cyanobacteria from the bloom 
water at a lower rate than they cleared green algae, suggesting that in an 
ecosystem setting, Asian clams could selectively promote cyanobacterial 
blooms or at least not remove enough cyanobacteria to control a bloom. 

Moreover, as an invasive species, Asian clams would ideally not be 
deployed in an ecosystem setting, where free-swimming larvae could 
easily invade other water bodies (Hassett et al., 2017). While oysters had 
similar clearance rates of cyanobacteria and green algae and cleared 
bloom populations more rapidly than clams, they are not found in lakes 
where these HABs occur. While they may effectively filter feed Micro-
cystis blooms transported into estuaries, this scenario could create a 
human health threat if they are subsequently harvested. 

4.6. Human health implication 

Upon exposure to wild and cultured Microcystis, Asian clams accu-
mulated 0.2 ng g − 1 after 48-hour exposure to colony forming and 3668 
ng g − 1 after 24-hour exposure to a single and double celled strain, while 
accumulation in the oysters peaked at 1.9 ng g − 1 and 4905 ng g − 1 after 
72 h of exposure. Oyster bloom water values were comparable to those 
found by Gibble et al. (2016; 5 ng g − 1) who also collected bloom water 
and mixed it with saltwater. The California Office of Environmental 
Health and Hazard Assessment sets the limit on consumption of seafood 
with microcystin levels at 10 ng g − 1 (Gibble et al., 2016), meaning that 
the peak microcystin levels in tissue exposed to Microcystis cultures were 
400-fold and 500-fold greater than the advisable limit for Asian clams 
and oysters, respectively. These extreme levels of cyanotoxins compared 
to the levels when exposed to large colonies suggests that blooms made 
up of individual cells or small colonies could lead to rapid accumulation 
of microcystin, again creating a public health threat. Certain biotic and 
abiotic conditions can favor unicellular Microcystis populations 
including the absence of other cyanobacterial species and zooplankton, 
high temperatures, high light levels, low nutrient input, and low levels 
of heterotrophic bacteria (Harke et al., 2017; Xiao et al., 2018). Clams 
were able to depurate microcystin faster than oysters and reduced their 
clearance rates rapidly when exposed to Microcystis blooms, while oys-
ters did not, indicating oysters are more likely to accumulate and retain 
microcystin. The salinity tolerance of Microcystis has potential to cause 
colonies to lyse into smaller particles as they are transported into estu-
aries (Orr et al., 2004) potentially making them more easily assimilated 
by oysters. Colonies breakup into smaller particles could create a sce-
nario where oysters are progressively exposed to smaller, easy to 
assimilate Microcystis cells / colonies in brackish locations and leading to 
the progressive accumulation of microcystin and trophic transfer to 
predators (Miller et al., 2010; Gibble et al., 2016; Preece et al., 2017). 
Given this potential, more information is needed regarding trophic 
transfer of microcystins, the presence of microcystins across food webs, 
and effects of continued CHAB exposure in seafood (Bukaveckas et al., 
2017). More information is also needed regarding the transfer of 
freshwater cyanotoxins to marine shellfish, including the monitoring of 
toxins in locations where CHAB have the potential to discharge into 
marine environments, particularly in regions where oysters are 
harvested. 

5. Conclusion 

This research demonstrates that Asian clams that are suddenly 
exposed to blooms of single-celled Microcystis populations can rapidly 
accumulate microcystin at levels hundreds of times above public health 
advisory levels but also rapidly depurate microcystins in a matter of 
days, even when exposure to Microcystis and microcystin continues. In 
contrast, eastern oysters fed on Microcystis can accumulate microcystin 
faster than clams and accumulate greater microcystin levels when fed 
single- or double-celled Microcystis or large colonies from blooms and 
did not display cyanotoxin depuration. Given these observations, as well 
as prior studies of bivalves and microcystins (Miller et al., 2010; Gibble 
et al., 2016), it would seem Hepatotoxic Shellfish Poisoning (HSP) may 
be a common a shellfish toxicity syndrome emanating from CHABs that 
produce microcystins. This may be a cryptic yet common occurrence in 
brackish, estuarine regions downstream of intense Microcystis blooms. 
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Comprehensive field studies of longer duration that consider both up-
take and depuration of microcystins are needed to better understand the 
prevalence of HSP in aquatic ecosystems. 
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