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• Filtering capacity of quagga mussels
varied 2- to 10-fold under a range of
conditions.
• Water temperature and food concentration had positive effects on clearance
rates.
• Quagga mussels from deeper habitats
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• Clearance rate demonstrates a unimodal
pattern again ﬂow velocity.
• Whole-lake estimates of quagga mussel
impacts must include these factors.
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a b s t r a c t
The quagga mussel (Dreissena rostriformis bugensis) is a ﬁlter-feeding invasive species that has re-engineered many
freshwater ecosystems worldwide. High clearance rates (CRs) and dense populations underpin their ecological impacts. CRs, however, are highly variable, as are environmental factors that regulate them. Despite their widespread
distribution in Europe and North America, knowledge of how multiple environmental factors regulate CRs of quagga
mussels remains limited. We investigated quagga mussel CRs under varying conditions including water temperature, food availability, habitat depth, ﬂow velocity, and duration of incubation in chambers with both static and
ﬂowing water. We found that CR was positively related to water temperature and initial food concentration in static
chambers. When coupled with limited food concentration, cold water (7.5 °C), due to a deep-water upwelling event,
produced very low CR (~ 10× lower) compared to warmer water (12–24 °C) (0.47 vs. 3.12–5.84 L g−1 DW h−1).
Mussels from deeper water (20 m) had CRs that were ~ 3.5× higher than from shallower depths (2–10 m) and
CRs were inversely affected by total mussel dry weight. Flow rates from 1 to 22 cm s−1 generated a unimodal pattern
of CR with an optimal ﬂow velocity of 6–12 cm s−1 (~ 2× higher than suboptimal CRs). Enhanced ﬂow velocity
(22 cm s−1), reﬂective of storm conditions in shallow waters, signiﬁcantly increased the closing/reopening activity
of mussel valves relative to lower velocities (1–12 cm s−1). Incubation time had a strong negative effect (~ 2–4× reduction) on CRs likely reﬂecting reﬁltration in static chambers versus food saturation of mussels in ﬂowing chambers, respectively. Our ﬁndings highlight how multiple factors can inﬂuence quagga mussel CRs by factors of
2–10. Given widespread habitat heterogeneity in large aquatic ecosystems, whole-lake estimates of mussel impacts
should include multiple regulatory factors that affect mussel ﬁltration.
© 2020 Elsevier B.V. All rights reserved.
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et al., 2006; Nalepa et al., 2010; Malkin et al., 2012; Karatayev et al.,
2015). Quagga mussels exhibit phenotypic plasticity, with thinnershelled, larger-bodied individuals being found in deep (i.e., relatively
calmer and more transparent) habitats, whereas thicker-shelled,
smaller-bodied individuals are found in shallow (i.e., more turbulent
and turbid) depths (Roe and MacIsaac, 1997; Claxton et al., 1998;
Nalepa et al., 2010; Ouellette-Plante et al., 2017). Such physical variation
in quagga mussels in different habitats may alter their ﬁltering activity
and impact because they may disproportionately allocate energy
among ﬁltering and other activities.
The aim of our study was to investigate the inﬂuence of a wide range
of environmental factors on CRs of quagga mussels feeding on natural
suspended matter. We hypothesized that the aforementioned factors
regulate CRs of quagga mussels while their relative importance varies
among different experimental conditions. Speciﬁcally, we hypothesized
that 1): mussels could clear food more efﬁciently in warmer water; 2):
mussels in deeper water would exhibit higher CRs relative to those from
shallower depths; and 3): CRs of quagga mussels exhibit a unimodal response to increased ﬂow velocity when they were incubated in unﬁltered lake water with natural seston. We tested these hypotheses
under a series of variable but realistic water velocities and mussel habitat depths to improve the translation of ﬁndings from laboratory studies to the ﬁeld. We achieved relatively realistic conditions by using
mussel colonies (i.e., naturally colonized clusters of mussels), instead
of individual animals, to mimic more natural mussel colonization patterns. We used freshly collected lake water throughout the openwater season to mimic natural variation in food availability and quality.
We also conducted the study over a six-month period to assess potential
seasonal effects.

1. Introduction
Suspension feeders are an important group of invasive species in
many aquatic ecosystems world-wide with the potential to modify the
biotic and abiotic environment of these systems (MacIsaac et al., 1992;
Karatayev et al., 2015; Boltovskoy and Correa, 2015; Bruschetti et al.,
2018). Dreissena polymorpha (zebra mussel) and D. rostriformis bugensis
(quagga mussel) are invasive bivalves that have re-engineered many
freshwater ecosystems in Europe and North America, including the Laurentian Great Lakes (MacIsaac et al., 1992; Hecky et al., 2004; Rowe
et al., 2017). Dreissenids can trigger bottom-up changes in aquatic
food webs by altering nutrient availability for phytoplankton growth,
as well as by consuming phytoplankton and small zooplankton
(e.g., MacIsaac et al., 1992; Whitten et al., 2018). These changes within
two trophic levels have the potential to reduce food availability to ﬁsh
(e.g., MacIsaac et al., 1992; Ricciardi et al., 1998). Owing to their large ﬁltering capacity (e.g., Ackerman, 1999), Dreissena mussels couple pelagic
and benthic environments by ﬁltering suspended matter from the water
column and depositing feces and pseudofeces in the benthic layer
(Higgins and Vander Zanden, 2010; Benelli et al., 2019). This process increases water clarity and modiﬁes the underwater light climate, stimulating growth of benthic phytoplankton and macrophytes (e.g., Zhu
et al., 2006). In addition, the selective grazing on non-toxic strains of
phytoplankton can contribute to toxic algal blooms, threatening drinking water supplies (e.g., Vanderploeg et al., 2001; Hamilton et al.,
2020). Furthermore, substantial depletion of suspended matter in the
water column due to grazing and associated biodeposition may signiﬁcantly change the biogeochemistry of the benthic layer (Ozersky et al.,
2012; Benelli et al., 2019; Hamilton et al., 2020). Like other bivalve invaders, these ecological impacts are a function of both mussel abundance and ﬁltration of suspended matter (e.g., Xia et al., 2020). Mussel
ﬁltration, measured as individual-based clearance rates (CRs), can
vary substantially depending on experimental conditions such as food
concentration, ﬂow velocity, and mussel size (Sprung and Rose, 1988;
Ackerman, 1999; Vanderploeg et al., 2009). The focus of our study was
to better quantify the effects of a wide range of environmental conditions on CRs of dreissenids in the Laurentian Great Lakes.
Clearance of suspended matter by dreissenid mussels is a relatively
passive process, for which the animals can only ﬁlter water and retain
food from their surroundings within a limited effective distance of millimeters to centimeters (Nishizaki and Ackerman, 2017). Therefore,
mussels rely on water mixing and ﬂow to transport suspended matter
to them. CRs are also regulated by environmental factors such as
water temperature (Jørgensen et al., 1990; Kittner and Riisgård, 2005),
food availability and quality (e.g., Sprung and Rose, 1988; Mistry and
Ackerman, 2018; Xia et al., 2020), and even presence or absence of
predators, which may cause predator avoidance behavior (Naddaﬁ
and Rudstam, 2013). Factors regulating mussel life history and colony
form also affect CRs (MacIsaac et al., 1992; Yu and Culver, 1999). After
zebra mussels initially invaded the Laurentian Great Lakes, their ﬁltering behavior was the subject of numerous studies (e.g., MacIsaac et al.,
1992; Silverman et al., 1995; Ackerman, 1999). Surprisingly, much less
attention has focused on the ﬁltering behavior of quagga mussels
(Karatayev et al., 2015; Hasler et al., 2019). Several recent studies
have attempted to link ﬁlter-feeding behavior of quagga mussels to
their ecological impacts at lake-wide scales (Bocaniov et al., 2014;
Tang et al., 2014; Mosley and Bootsma, 2015; DeVilbiss and Guo,
2017; Gopalakrishnan and Kashian, 2019). However, further studies
across wide-ranging environmental conditions, including natural food
sources, variable ﬂow conditions, and mussel colony size, are required
to better assess the impacts of quagga mussels, particularly in highly
variable nearshore regions of the Great Lakes (Pothoven and
Vanderploeg, 2020).
Quagga mussels inhabit both nearshore and offshore regions of the
Great Lakes, where they experience varying water temperature
(Trumpickas et al., 2009), food availability, and turbulence (Wilson

2. Materials and methods
2.1. Overview of study design
We carried out three independent experiments to explore impacts
of seasonal changes in water temperature, depth of mussel habitat,
and ﬂow velocity on CRs of quagga mussels. Speciﬁcally, the effects of
seasonal temperature and habitat depth were tested with natural lake
water in 1.6 L static chambers, whereas the impact of ﬂow velocity
was tested in a 35 L re-circulating ﬂow chamber. Our main study site
was located on the northern coast of eastern Lake Erie near Peacock
Point, Ontario, Canada, at depths ranging from 2 to 20 m (2 m depth:
42.789167° N, −79.977778° W; 20 m depth: 42.709298° N,
−79.967770° W). Clumps of mussels were collected by SCUBA divers
by carefully lifting mussels by hand from the lake bottom in May
through October 2003. Mussels were incubated on the lake bottom in
static chambers (described below) before they were transported to laboratory within 8 h of collection. Then they were held in a ﬁeld laboratory
at the Port Dover ﬁeld ofﬁce of the Lake Erie Management Unit (Ontario
Ministry of Natural Resources and Forestry) in an aquarium at room
temperature (20–24 °C). Lake water and natural seston in the holding
aquarium was changed daily with water collected from Lake Erie. To ensure realistic feeding conditions for CR measurements, we used lake
water and seston that was collected each day in carboys from the nearshore at around 2 m depth near Port Dover. Clumps of naturally colonized mussels instead of individual animals were used to reﬂect
natural conditions of mussel beds on the lake bottom. All mussel clumps
were carefully examined to remove any dead animals and were rinsed
to remove free particles before being moved into experimental
chambers.
2.2. Effect of seasonal water temperature on clearance rates
In total, we conducted six laboratory incubations (May–October)
and three in situ incubations on the lake bottom (June–August) using
SCUBA while water temperatures naturally ranged from 7.5 to 24.0 °C
2
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was determined during pilot tests with colored food dye. We stored
the water samples on ice in dark until we determined the turbidity.
Three in situ incubations in June, July, and August were carried out in
the same manner except that the chambers were placed on the lake bottom at 5 m depth by SCUBA divers.

(Table 1). For each month, we repeated the experiment three times
using three different mussel clusters. For the laboratory incubations,
we placed the static chambers in a water bath to maintain and stabilize
water temperature among individual chambers. For the three in situ incubations, we collected and placed mussel clusters in experimental
chambers on the lake bottom at 5 m depth using SCUBA. Mussels used
in laboratory incubations were acclimated at the respective water temperature for at least six hours. Mussels used in the in situ incubations
were acclimated to conditions on the lake bottom, for which the water
temperature was ~ 7.5, 20.5, and 22.0 °C, respectively, in June through
August. In June, the in situ water temperature was 7.5 °C, which was
lower than usual for this time of year (Trumpickas et al., 2009) due to
a cold-water upwelling event.
Two paired laboratory vs. in situ incubations using the same mussel
clusters were compared to investigate whether collection, transportation, and incubation settings in laboratory affected mussel CRs. Speciﬁcally, mussel clusters for the in situ incubations in July and August
were the same as those used for the corresponding laboratory incubations, and both in situ and laboratory incubations were carried out
under comparable water temperatures (20.5 vs 22.5 °C in July, and
22.0 vs 22.5 °C in August). This comparison could not be conducted in
June because mussels were lost during transport following the in situ
incubation.
Each static chamber was made of a clear acrylic cylinder (10 cm diameter × 21 cm height) with a sealed bottom and a movable lowfriction top seal (piston), which allowed for piston draw down as
water was removed during sampling. A water sampling port made of
Tygon tubing (1 cm diameter) was mounted on the top seal and extended 6 cm into the chamber. A hand-operated propeller that extended 5 cm into the chamber was also placed on the top seal,
allowing for gentle mixing of the water column before water collection
(Fig. S1, supplementary information).
In each laboratory incubation, we ﬁlled six chambers (described
above) with unﬁltered lake water and placed them in a single water
bath. We rinsed three mussel clusters using the same lake water and
randomly assigned and distributed them into three chambers. The remaining three chambers without mussels were assigned as controls to
correct turbidity changes over time due to natural settling. We collected
a 60 mL water sample from each chamber at 0, 30, 60, and 120 min of
the incubation via a plastic syringe. We mixed the water column gently
by 10 clockwise and 10 counterclockwise revolutions before we collected water samples. Such mixing homogenized the water column
without disturbing sediment on the bottom of the chambers, which

2.3. Effect of mussel habitat depth on clearance rates
We collected mussels from 2, 5, 10, and 20 m depths at the study site
(i.e., Peacock Point) during three SCUBA diving expeditions on Aug 28,
Oct 4, and Oct 28 in 2003 (Table 1). We also included mussels collected
from one extra depth at 10 m from north-central Lake Erie near Palmyra
Point (42.416567° N, −81.194427° W) on Oct 28. For the 20 m depth,
mussels were only collected on Aug 28 due to sampling difﬁculty. For
each sampling date, three independent replicate measurements of CR
were conducted as per the experimental settings (see Section 2.2
above), which generated 9, 9, 12, and 3 replicates for mussels from 2,
5, 10, and 20 m depths, respectively. These mussels were acclimated
at 20–20.5 °C in the holding aquarium before incubations, which were
performed in the same manner described above. However, these incubations were conducted for only 30 min and water was sampled at 0
and 30 min only. One sample from the 2 m depth on Aug 28 had extremely high concentration of seston (>1000 NTU) and was removed
before data analysis because it resulted in a negative CR.
2.4. Effect of ﬂow velocity on clearance rates
We tested CR of quagga mussel colonies in a 35 L re-circulating
chamber at ﬁve ﬂow velocities, including 1, 3, 6, 12, and 22 cm s−1
(Table 1). Varying velocities were achieved by manipulating the speed
of a propeller ﬁxed within the rectangular chamber, which was constructed from 9.5 cm diameter ABS pipe with 90° joints (Fig. S1). No apparent resuspension occurred during incubations. We repeated the
experiment over several days in July, August, and September in 2003.
We collected mussel clusters that were naturally colonized on ovoid
stones (roughly 8 × 18 cm) from the 2 m depth at our study site. We
used newly-collected mussels each month in incubations across the
ﬁve ﬂow velocity levels using lake water collected from the nearshore
at 2 m depth near Port Dover. Each month one mussel clump was subjected to each of the ﬁve ﬂow velocities (in random order) with three
replicate incubations each, coupled with one control incubation without
mussels at each velocity. This yielded n = 9 experimental and n = 3
control replicates at each ﬂow velocity that nested within each month.

Table 1
Summary of settings for the three independent experiments.
Category

Chambers

Site

Seston

Mussels

Variable

Type
Volume
Velocity
Month
Depth, water
Temperature, water
Turbidity
Fluorescence
TSS
Chlorophyll-a
Food quality ratio
Individuals
DW, total
DW, individual
SL
Condition index (CI)
DW:Volume

Unit

–
L
cm s−1
–
m
°C
NTU
RFU
mg DW L−1
μg Chl-a L−1
RFU: NTU
#
g
mg ind−1
mm
DW:SL
DW:L

Seasonal temperature

Habitat depth

Mean

(range)

Mean

(range)

Mean

Flow velocity
(range)

Static
1.6
0.0
–
5.0
18.0
29.0
3.4
6.4
10.4
0.2
14.4
0.2
13.9
18.0
0.9
0.11

–
–
–
(May – Oct)
–
(7.5–24.0)
(9.0–110.0)
(1.0–7.1)
(2.0–24.2)
(3.9–23.6)
(0.1–0.4)
(5.0–22.0)
(0.1–0.3)
–
(16.5–20.1)
(0.8–1.0)
–

Static
1.6
0.0
–
9.3
20.3
44.2
5.7
9.7
18.2
0.2
17.6
0.2
11.4
17.1
0.8
0.11

–
–
–
(Aug, Oct)
(2, 5, 10, 20)
(20.0–20.5)
(11.7–127.5)
(2.1–11.4)
(2.6–28.1)
(6.7–43.4)
(0.1–0.3)
(10–43)
(0.1–0.3)
–
(8.5–21.6)
(0.5–0.9)
–

Flow
35.0
8.8
–
2.0
21.3
111.4
12.7
24.6
50.3
0.2
175.0
1.2
6.9
12.8
0.8
0.03

–
–
(1, 3, 6, 12, 22)
(Jul, Aug, Sep)
–
(20.0–22.5)
(30.0–1025)
(5.8–89.8)
(6.6–226.0)
(18.5–1387.0)
(0.1–0.3)
(109, 156, 259)
(1.0, 1.1, 1.5)
–
(14.6, 13.1, 10.8)
(0.6–1.0)
–

Seston parameters were measured at the beginning (time-0) of each experiment. NTU = nephelometric turbidity units; RFU = relative ﬂuorescence unit; DW = shell-free total mussel
dry weight; SL = shell length; CI = condition index; DW:L = mussel biomass to chamber volume ratio. Chl-a and TSS were calculated using equations in Fig. S2.
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However, data for July at 1 cm s−1 was not available due to sample loss.
During each incubation, water samples were collected from the midpoint of the water column in the chamber through a sampling port at
0, 30, 60, and 120 min and stored in the same manner as the static
chambers. A vertical reservoir maintained chamber volume while
allowing sample water to be removed at each time interval (Fig. S1).
We also investigated how often mussel ﬁltering was interrupted by
varying water velocities by counting the frequency at which individual
mussels closed and re-opened their valves (i.e., valving rate). Ten individual mussels were observed for 1–3 min under each ﬂow velocity,
and we repeated the experiment six times, generating n = 60 replicates
for each velocity. Valving was recorded when mussels closed their
valves (re-opening of valves usually occurred within < 5 s), and the
valving rate was corrected to counts per min. A small number of animals
remained closed during the entire period of observation and were excluded from the subsequent analysis.

the average of three control incubations across three months to represent SCR in the calculation.
2.6. Statistical analysis
All statistical analyses were performed using R programming
language in RStudio (version 3.6.2, R Core Team, 2019) and were summarized in Table S1 (supplementary information). Speciﬁcally, we
used a paired sample t-test to compare CRs measured in situ and in
the laboratory using the same mussel clusters in static chambers in
July and August. For the mussel habitat depth experiment, we Ln(x
+1) transformed CRs before using the one-way ANOVA test to determine CR differences among depths and the Tukey for post hoc pairwise
comparisons. We used a Kruskal-Wallis rank sum test followed by a
Wilcoxon rank sum test for pairwise comparisons to compare valving
rates among ﬂow velocities. This method was used because the valving
rate data was too highly skewed to be transformed to normal distribution (Table S1).
The seasonal temperature and ﬂow experiments each had three
sampling time intervals (i.e., 30, 60, and 120 min), so we tested the effects of incubation time and the primary environmental factor of the experiment (i.e., water temperature or ﬂow velocity) on CRs using
repeated measures ANOVA (RM-ANOVA). For the seasonal water temperature experiment, we also used a generalized linear model (GLM)
to relate CRs at each sampling time (i.e., CR30, CR60, and CR120) to
water temperature, initial turbidity, initial ﬂuorescence (note that initial
turbidity, initial ﬂuorescence, and food quality were identical for all
three time intervals), seston food quality, and mussel number, SL, DW,
and CI. The dependent variables (i.e., CR30, CR60, CR120) were normally
distributed, so these data were not transformed (Table S1, Zuur et al.,
2009). Collinearity among covariates was controlled by sequentially removing covariates with variance inﬂation factors > 5. We used forward
and backward model selection based on Akaike Information Criteria
(AIC) to reduce the model and inspected diagnostic plots to conﬁrm
model adequacy. A GLM was applied to the habitat depth experiment
in the same manner as with the seasonal water temperature experiment but for CR30 only.
In the ﬂow velocity experiment, ﬂow treatments were nested within
each month, so we examined the necessity for using a linear mixed effect model to assess possible differences between months before formal
analysis. The linear mixed effect model was performed using the ‘nlme’
package in R (Pinheiro et al., 2019). We considered the effects of ﬂow
velocity and a quadratic term (i.e., Flow^2) in the initial model because
a unimodal pattern of CR versus ﬂow velocity was expected (Ackerman,
1999). In pilot tests, we found no signiﬁcant effects of month on CR30
(p > 0.05), but there were signiﬁcant effects of month on CR60 and
CR120 (p < 0.05), which suggested that either an ordinary or linear
mixed effect model was acceptable for CR30 (Zuur et al., 2009). For
consistency we applied a linear mixed effect model to CR30, CR60, and
CR120 in the formal analyses. We treated month as a nested random effect, and initial ﬂuorescence, initial turbidity, ﬂow, and the quadratic
term as a ﬁxed structure in the model and performed random intercept
models. Only ﬂow and the quadratic term were retained as ﬁxed effects
following pilot model optimization based on the likelihood ratio test
(Zuur et al., 2009) for CR30 and CR60, whereas no signiﬁcant term
was retained for CR120. We kept both quadratic terms in the formal
analysis for the three sampling times for consistency. We used the maximum likelihood estimation (REML) method to ﬁt the ﬁnal model (Zuur
et al., 2009).

2.5. Measurements and calculation of clearance rates
Turbidity and ﬂuorescence were used as surrogate measurements of
seston (i.e., total suspended solids: TSS) and phytoplankton chlorophyll
a (i.e., mussel food) concentrations, respectively, for lake water used in
static and ﬂowing chambers because we found a strong positive relationship (i.e., turbidity vs. seston: R2 = 0.91, p < 0.0001; ﬂuorescence
vs. chlorophyll a: R2 = 0.59, p < 0.0001) between them (Fig. S2, supplementary information). Turbidity in sample water was measured using a
HF Instruments turbidity meter (model DRT100). At the beginning of
each incubation we also measured total ﬂuorescence of unﬁltered lake
water using a Turner ﬂuorometer (model 100) to estimate chlorophyll
a concentration (Greenberg and Watras, 1989). We used the ratio of initial ﬂuorescence to initial turbidity to estimate food quality of seston for
mussels (i.e., food quality = initial ﬂuorescence/initial turbidity). We
determined the shell length (SL; mm) and shell-free total mussel dry
weight (hereafter dry weight: DW; g) of the incubated mussels at the
end of the experiment. We adopted a ratio of DW to SL to roughly estimate the physiological condition of mussels (condition index “CI”;
Vanderploeg et al., 2009; Ganser et al., 2015), which can affect ﬁltering
capacity of mussels (e.g., Xia et al., 2020). The condition index was calculated as:


1000⁎DW
CI ¼ Log
=LogðSLÞ
N
where DW is dry weight (g), N is the number of mussels, and SL is the
average shell length of mussels in each cluster.
We used an indirect method to measure the CR of quagga mussels by
quantifying the removal of seston (i.e., turbidity) by mussels over a
given period, namely 30, 60, and 120 min. In the mussel habitat depth
experiment, water samples were collected at 0 and 30 min only. Removal of seston from lake water occurs due to natural settling and mussel ﬁltration, so CR can be expressed as:
CR ¼ ðTCR−SCRÞ=DW
where TCR is total clearance rate tested from chambers with mussels,
and SCR is sedimentation clearance rate tested from control chambers.
More speciﬁcally, we calculated:
h  
 0 i
C0
V Ln C0
Ct −Ln Ct 0
CR ¼
DW⁎t
where V is water volume of the chamber; t is duration of the experiment; C0 and Ct are turbidity at time zero (i.e., initial) and time “t” of
the incubation, respectively, in chambers with mussels; C0’ and Ct’ are
turbidity at time zero and time “t”, respectively in control chambers
(without mussels); and DW is shell-free dry weight of mussels
(Coughlan, 1969; Xia et al., 2020). In the ﬂow experiment, we used

3. Results
3.1. Seasonal water temperature
There were no signiﬁcant differences in CRs measured in situ versus in
the laboratory in static chambers in July (t2 = 1.0–2.3, p = 0.15–0.41) or
4
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at 20–24 °C (CR30 range: 3.12 ± 0.51 to 5.84 ± 2.46 L g−1 DW h−1;
Fig. 1, Table S2). Across all time intervals, both temperature and initial
ﬂuorescence of lake water had signiﬁcantly positive effects on CRs and
explained 41.6–47.8% of deviance (Table 2). Initial ﬂuorescence had an
increasing effect on CRs with incubation time relative to water temperature (i.e., increased relative standardized coefﬁcient; Table 2).
3.2. Mussel habitat depth
Clearance rates varied signiﬁcantly among habitat depths (F3, 28 =
5.5, p = 0.004) (one-way ANOVA), and was signiﬁcantly higher at
20 m than at 2–10 m depths (p = 0.002–0.017) (Fig. 2). Speciﬁcally,
CRs were 3.5× lower for mussels from 2, 5, and 10 m depths (6.72 ±
0.91–9.31 ± 2.25 L g−1 DW h−1) than those from 20 m depth
(28.24 ± 4.88 L g−1 DW h−1; Table S3), while there were no signiﬁcant
differences among 2, 5, and 10 m depths (p = 0.799–0.985) (Tukey
pairwise comparisons). Both habitat depth (p = 0.024) and initial turbidity of lake water (p < 0.001) were positively related to CRs, whereas
mussel dry weight was inversely related to CRs (p = 0.018) (Table 3).
Mussel dry weight had the largest effect on CRs (i.e., highest absolute
standardized coefﬁcient) compared to habitat depth and initial turbidity (−0.566 vs. 0.327 and 0.354; Table 3).
3.3. Flow velocity
Clearance rates in the ﬂow chamber ranged from 9.76 ± 1.53 to
25.84 ± 3.62 L g−1 DW h−1 (Table S4), and were signiﬁcantly affected
by experiment duration (F1,37 = 20.9, p < 0.001), ﬂow velocity
(F4,37 = 2.9, p = 0.035), and their interaction (F4,37 = 3.2, p = 0.025;
RM-ANOVA). Speciﬁcally, ﬂow velocity had signiﬁcantly positive effects
on CRs at 30 min and 60 min, but the quadratic term (Flow^2) had a signiﬁcantly negative effect (Table 4). However, such effects became insigniﬁcant at 120 min (Table 4). As a result, CRs demonstrated a unimodal
pattern across ﬂow velocities, peaking at intermediate levels
(i.e., 6–12 cm s−1) during the 30 min and 60 min intervals (Fig. 3).
The highest CRs occurred at 6 cm s−1 for all three time intervals while
very similar CRs were observed at 12 cm s−1 (i.e., average CR30: 25.84
vs. 23.76; CR60: 20.12 vs. 19.06; CR120: 16.33 vs. 13.78 L g−1 DW
h−1) (Table S4). July and August had the highest and lowest CRs, respectively, across sampling intervals, and the pattern was most pronounced
at 120 min (Fig. 3). Valving rates ranged from 0.68–1.05 min−1, peaking
under 22 cm s−1 (1.05 ± 0.09), which was signiﬁcantly higher than
under 1–12 cm s−1 (0.68 ± 0.05–0.75 ± 0.06 min−1, Table S5) (Fig. 4,
χ2 = 21.0, p = 0.0003, Kruskal-Wallis rank test). In contrast, there
were no signiﬁcant differences in valving rates among 1–12 cm s−1
treatments (p = 0.871, Wilcoxon rank sum test).

Fig. 1. Clearance rates of quagga mussels in static chambers at different water
temperatures, showing raw data (circles) and prediction of the GLM (solid line) at three
different sampling time intervals (i.e., 30, 60, and 120 min). The grey band indicates 95%
conﬁdence intervals of predictions, and the size of circles represents initial ﬂuorescence
(RFU) of the lake water used in the experiment.

August (t2 = −1.0 ~ −1.2, p = 0.40–0.83; paired sample t-test), so we
pooled these data in subsequent analyses. From May through October,
average CRs ranged from 0.07 to 5.84 L g−1 DW h−1 in the laboratory
and in situ and across all time intervals (Table S2). CRs decreased
with experiment duration (Fig. 1, F2,40 = 47.7, p < 0.0001), increased
with water temperature (F6,20 = 2.9, p = 0.034), and this effect of experiment duration became greater at warmer temperatures (i.e., time x temperature interaction; F12,40 = 4.3, p < 0.001; RM-ANOVA). Speciﬁcally,
CRs were lowest at 7.5 °C (CR30: 0.47 ± 0.10 L g−1 DW h−1) during a
cold-water upwelling event in early June, then CRs increased ~ 10×
at 12 °C in late June (CR30: 4.10 ± 1.47 L g−1 DW h−1) (mean ± SE
are reported here and throughout) and remained high in warmer water

4. Discussion
Our three independent experiments revealed that multiple factors
regulate clearance of invasive quagga mussels under substantially varying conditions in nearshore regions in the Great Lakes. We did not

Table 2
Summary output for the reduced generalized linear model relating clearance rates of quagga mussel tested in 1.6 L static chambers to seasonal water temperature and other factors (see
Table 1) associated with animals used and experimental settings. Values in bold indicate signiﬁcance at p = 0.05 level.

CR30

CR60

CR120

Model

Estimate

Standard error

t-Value

P-value

Intercept
Temp
t0ﬂuor
Intercept
Temp
t0ﬂuor
Intercept
Temp
t0ﬂuor

−1.81
0.21
0.62
−0.86
0.14
0.46
−0.43
0.10
0.37

1.38
0.07
0.20
0.97
0.05
0.14
0.85
0.04
0.12

−1.31
3.07
3.08
−0.88
2.88
3.24
−0.50
2.43
3.00

0.201
0.005
0.005
0.387
0.008
0.003
0.620
0.023
0.006

Standard coefﬁcient

Deviance explained

116.9

47.8%

97.3

47.5%

89.9

41.6%

0.45
0.45
0.42
0.48
0.38
0.46

CR30, CR60, and CR120 = clearance rate at 30, 60, and 120 min, respectively; Temp = water temperature; t0ﬂuor = ﬂuorescence at time zero.
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Table 4
Summary output of the reduced linear mixed effect model that relates clearance rates of
quagga mussels to ﬂow velocity and its quadratic term and other environmental factors
(showing the ﬁxed effect only; see Table 1). Values in bold indicate signiﬁcance at p =
0.05 level.

CR30

CR60

CR120

Model

Estimate

Standard error

t-Value

P-value

Intercept
Flow
Flow2
Intercept
Flow
Flow2
Intercept
Flow
Flow2

9.00
2.68
−0.11
9.99
1.55
−0.06
12.21
0.50
−0.03

4.06
0.96
0.04
3.51
0.67
0.03
2.90
0.48
0.02

2.22
2.81
−2.80
2.85
2.30
−2.21
4.21
1.03
−1.39

0.033
0.008
0.008
0.007
0.027
0.033
<0.001
0.308
0.173

CR30, CR60, and CR120 = clearance rate at 30, 60, and 120 min, respectively; Flow and
Flow2 = quadratic regression coefﬁcients.

responses of mussels such as oxygen consumption (Ganser et al.,
2015). Clearance rates of quagga mussels in our study exhibited a positive relationship with water temperature, consistent with other freshwater (e.g., Anodontites trapesialis) and marine (e.g., Mytilus edulis)
bivalves (Loayza-Muro and Elias-Letts, 2007; Kittner and Riisgård,
2005). At 7.5 °C in the in situ incubation in June, CRs were ~ 10×
lower than that in later months with warmer water at 12–24 °C. In
June, this low temperature was likely due to a cold-water upwelling
event because average weekly water temperatures are usually ~ 12 °C
earlier in May and ~ 12–15 °C in June in Lake Erie (Trumpickas et al.,
2009). Our observation of low CRs below 10 °C is consistent with previous studies on quagga mussels. For example, Gopalakrishnan and
Kashian (2019) found that quagga mussel CRs in the laboratory at
cold temperatures (2 and 6 °C) were about 25% of that at optimum temperatures (16 and 26 °C). Diggins (2001) also reported that quagga
mussels, collected from a tributary of Lake Ontario and incubated in
the laboratory, reduced ﬁltration rates in winter (8 °C) to ~ 50% of that
in warmer months (14–22 °C). Here we found a more pronounced reduction of CR (~ 17% of optimum) with the sudden decrease in temperature due to cold water upwelling and the combined effects of food
limitation (see Section 4.2 below).
Vanderploeg et al. (2010) reported a CR of 129 mL individual−1 h−1
at 4 °C for quagga mussels collected from 45 m depth of Lake Michigan,
which was ~ 3× higher than mussels from 5 m depth incubated at 7.5 °C
in our study (~ 45 mL individual−1 h−1; i.e., CR was recalculated here on
an individual basis). Different habitat depths may be responsible for
such divergence in CRs between the two studies because mussels
from deeper water in Lake Michigan may have been better adapted to
more constant and colder temperatures (< 7 °C; Vanderploeg et al.,
2010) than mussels in our study. In our habitat depth experiment, mussels from 20 m depth had higher CRs than in shallower waters (see
Section 4.3 below). Given the rapid expansion of quagga mussels to
deeper regions of the Great Lakes following their initial invasion, adaptation of ﬁltering capacity to cold conditions requires more research.
Optimal water temperatures for CRs in our study were 20.5–22.0 °C
across all time intervals. These optimal temperatures were 3.0–4.5 °C
lower than reported for quagga mussels (25 °C) that were tested at 2,
6, 16, 25, and 30 °C and fed with monoculture algae in the laboratory
(Gopalakrishnan and Kashian, 2019). Our estimates of optimal water
temperature are slightly below current maximum surface water temperatures (24 °C) in warm months in the lower Great Lakes
(Trumpickas et al., 2009). In Lake Erie, optimal temperatures for CRs
occur in mid-July to late-August, following maximum seasonal phytoplankton biomass in spring (5–6 μg chl-a L−1) and a secondary peak
in early summer (3–4 μg chl-a L−1; Bocaniov et al., 2014). This phenomenon suggests that the greatest ecosystem impacts of mussel CRs may
occur during this time. Further, maximum summer surface water temperatures in Lake Erie are expected to exceed 26 °C by 2100 due to climate change (Trumpickas et al., 2009). This may allow dreissenid

Fig. 2. Clearance rates of quagga mussels collected from different habitat depths. The
width of the box corresponds to sample size (i.e., number of blue points), and the different
letters indicate a signiﬁcant difference at 0.05 level. The size of blue points indicates initial
turbidity (NTU) of lake water used in the experiment, and the degree of color ﬁll represents the total mussel dry weight (DW) of mussels. The raw data (blue points) was jittered
for better interpretation. *** indicates signiﬁcant difference among depths at p = 0.001
level (one-way ANOVA test).

compare the relative importance of these factors across experiments because experimental conditions varied. However, below we highlight the
main explanatory factors and ancillary covariates that inﬂuence ﬁltering
capacity and potential impacts of these invasive mussels on Great Lakes
ecosystems.
4.1. Impacts of seasonal water temperature on clearance rates
Water temperature affects pumping rates of mussels by altering
water viscosity (Jørgensen et al., 1990) and regulating physiological

Table 3
Summary output for the reduced generalized linear model relating the clearance rates of
quagga mussel tested in 1.6 L static chambers to the habitat depth of mussels and other
factors (see Table 1) associated with animals used and experimental settings. Values in
bold indicate signiﬁcance at p = 0.05 level.
Model

Estimate

Standard
error

t-value

P-value

Intercept
Depth
DW
t0turb

2.560
0.040
−6.383
0.009

0.304
0.017
1.575
0.004

8.42
2.38
−4.05
2.5

<0.001
0.024
<0.001
0.018

Standard
coefﬁcient

AIC
50.4

Deviance
explained
48.6%

0.327
−0.566
0.354

Depth = mussel habitat depth; DW = shell-free total mussel dry weight; t0turb = turbidity at time zero.
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Fig. 3. Clearance rates of quagga mussels at three sampling time intervals (A–C: CR30, CR60, and CR120) under varying ﬂow velocities, showing raw data (points) and predictions from the
linear mixed effect models (see Table 4). A solid line indicates a signiﬁcant effect of ﬂow and its quadratic term, while a dotted line is insigniﬁcant. Only the overall prediction can be viewed
for CR30 (A) because the predicted values for three individual months (Date) are highly overlapped, and a similar pattern applies to the September and overall predictions for CR60 (B) as
well. Note the different scales on the y-axis among A–C.

on dreissenid CRs will also depend on food quality and availability to
mussels (discussed below in Section 4.2).
Although quagga mussels increase water clarity by grazing phytoplankton biomass from the water column (Higgins and Vander
Zanden, 2010; Vanderploeg et al., 2010; Rowe et al., 2017), increased
CR due to warming may also promote the relative abundance of inedible, toxic algal species. This can occur due to excretion of dissolved nutrients by dreissenids at low nitrogen to phosphorus ratios (Benelli
et al., 2019) and selective grazing by mussels on non-toxic phytoplankton (Vanderploeg et al., 2001). Thus, impacts of dreissenids may reduce
water quality due to promotion of harmful algal blooms as well as by facilitating dominance of nuisance benthic algae in nearshore regions.

mussels to trap more nutrients from the water column in the benthic
layer and further promote growth of nuisance benthic algae such as
Cladophora (Hecky et al., 2004). However, the positive effect of warming

4.2. Impacts of food availability on clearance rates
Food availability demonstrably affects CRs of ﬁlter-feeding mussels
(Sarnelle et al., 2015; Xia et al., 2020). We observed that CR was positively related to initial ﬂuorescence or turbidity in static chambers
(Tables 2 & 3), which were our surrogate measurements for chlorophyll
a and total suspended matter (i.e., food source for mussels), respectively. This positive relationship between CRs and food concentration
has been observed in some studies (e.g., Sarnelle et al., 2015) but not
others (e.g., Baldwin et al., 2002). In our seasonal temperature experiment, CR30 was ~ 4 L g−1 DW h−1 in 12–24 °C treatments, suggesting
that the food suspension was theoretically ﬁltered ~ 2 times (i.e., 1.6 L
total chamber volume) by the mussels during the ﬁrst 30 min. Similarly,
an even higher fraction of water (~ 3-9× of total volume) was ﬁltered by
mussels in the habitat depth experiment given their higher CRs (i.e., ~ 27×, Table S3). As a result, quagga mussels may have experienced strong
reﬁltration in these experiments owing to a combination of high mussel
densities (i.e., high DW:volume ratio) (Table 1) and limited water delivery in the static chambers. Initial ﬂuorescence of lake water used in June
at 7.5 °C was the lowest level among treatments, contrasting that at
12 °C and warmer treatments (Fig. 1). Therefore, limited food availability also contributed to the very low CR at 7.5 °C (Table 1, Fig. 1). In the
habitat depth experiment, CRs were positively related to initial turbidity

Fig. 4. Valving rates (frequency at which individual mussels closed and re-opened their
valves) of quagga mussels under different ﬂow velocities. The circles are raw data and
the ** indicates signiﬁcant difference among ﬂow velocities at p = 0.01 level (Wilcoxon
rank sum test).
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available suspended matter by mussels (Ackerman, 1999). Unlike in
the static chambers, neither initial ﬂuorescence nor turbidity exhibited
signiﬁcant effects on CRs in the ﬂow chamber, suggesting weak or no
food limitation for mussels. This view is further supported by the presence of higher food concentrations (~ 3–5× higher turbidity and ﬂuorescence) and lower mussel densities (~ 4× lower DW:volume ratio)
relative to the static chambers (Table 1). The optimal ﬂow velocity,
under which the highest CR was predicted and observed, was
6–12 cm s−1, which agreed with a previous study that identiﬁed optimal velocity as ~ 9 cm s−1 for quagga mussels under better controlled
laboratory conditions (Ackerman, 1999). High velocity (22 cm s−1) reduced CRs to ~ 53–71% of optimal rates tested at 6 and 12 cm s−1. This
result was further supported by our observation of increased valving
rates at high ﬂow velocity (Fig. 4). In a recent study, both the degree
and duration of shell valve closure of quagga mussels were positively related to wave intensity where high shear stress (corresponding to
21–24 cm s−1) had the strongest inhibitory effect on mussel ﬁltration
(Lorenz and Pusch, 2013). Ackerman (1999) also observed that at inhibitory ﬂow velocities, zebra and quagga mussels closed their shells more
often and directed siphons downstream. Our observations combined
with those from previous studies suggest that quagga mussels tend to
reduce ﬁltering activities in response to physical disturbance, which
may occur more frequently at shallow depths where higher velocities
occur more regularly.
Optimal ﬂow velocity observed in our study was generally higher
than average ﬂow rates in the Great Lakes. Leon et al. (2011) found
that average velocities ranged from 1 to 6 cm s−1 in nearshore regions
(< 20 m depths) along the northeastern coast of Lake Erie. Weidman
(2003) found that median ﬂow rates were 2–3 cm s−1 along the lake
bottom at 5 m depth near our study site (Peacock Point) in Lake Erie
in September and October 2003, while maximum velocities were occasionally up to 40 cm s−1 during storms. Thus, ﬂow velocity along the
lake bottom at deeper depths (e.g., ≥ 5 m) is expected to be limiting or
marginally optimum (< 6 cm s−1) for quagga mussel ﬁltration for the
majority of time. However, velocities are expected to vary across the
full range from sub-optimal, optimal, to inhibitory in shallow nearshore
regions (≤ 2 m) where water is well-mixed and food is not limiting for
mussels (Higgins and Vander Zanden, 2010; Schwalb et al., 2013;
Pothoven and Vanderploeg, 2020).
The ramp-like unimodal pattern of CR against ﬂow velocity became
increasingly ﬂat with incubation time (i.e., 30–120 min) and CRs in different months diverged as well (Fig. 3). These results indicate that the
effect of ﬂow velocity was inﬂuenced by other factors not included in
our mixed effect model. Initial food concentration was high (~ 50 μg
chl-a L−1), and CRs were not signiﬁcantly related to food concentration
in the ﬂow experiment. Thus, a possible explanation for the decline in
CRs over time was that mussels became food-saturated and reduced
CRs during the incubations, which resulted in a ﬂattened pattern of CR
against ﬂow velocity after 120 min. In the seasonal temperature experiment, mussels also reduced CRs over time, where initial food concentrations were ~ 5× lower than the ﬂow experiment but food quality
was roughly similar (~ 2 μg chl-a L−1 per 1 mg TSS L−1; Table 1).
Thus, quagga mussels may regulate CRs in ﬂowing chambers to achieve
an ideal ingestion rate (Sprung and Rose, 1988), when ﬂow velocities
are either optimal or inhibitory.
Differences in CRs among months in the ﬂow experiment were likely
a result of there being smaller mussels (but greater numbers) used in
July than in August and September (mean SL ~ 11 vs. 13 and 15 mm, respectively; Table 1). Small mussels tend to have higher mass-adjusted
CRs than larger ones (Xia et al., 2020). This explanation agrees with
the output of the linear mixed effect model where standard deviation
of the random intercept for ‘month’ increased (relative to residual)
with incubation time (Table S6). Though beyond the aim of this study,
seasonal variation in phytoplankton taxonomic composition in lake
water may have also added variability to observed CRs
(e.g., Vanderploeg et al., 2009).

of lake water, contrasting with the negative effect of dry weight on CRs
(Table 3).
These ﬁndings suggest that food scarcity, which might result from
reﬁltration or food depletion during experiments, occurred in the static
chambers. In fact, average food concentration (e.g., average chlorophylla calculated using initial ﬂuorescence) was lowest in the seasonal water
temperature experiment (~ 10 μg chl-a L−1), intermediate in the habitat
depth experiment (~ 18 μg chl-a L−1), and highest in the ﬂow velocity
experiment (~ 50 μg chl-a L−1; Table 1), which corresponds with overall
CRs among these experiments (i.e., average CR30: ~ 6, 9, and 19 L−1 g−1
DW h−1 for the seasonal temperature, habitat depth, and ﬂow velocity
experiments, respectively; Tables S2–4), although CRs were measured
under different experimental settings. The average food concentrations
in our static chambers in the temperature and depth experiments (10
and 18 μg chl-a L−1, respectively) were similar to maximum concentrations in Lake Erie in warm months (~ 14 μg chl-a L−1; Leon et al., 2011).
It is reasonable to expect that quagga mussels may clear water more
rapidly (i.e., with higher CRs) when exposed to ﬂowing conditions
with higher food concentration and, in particular, with better food accessibility. Long-term food limitation has detrimental effects on mussels
in the ﬁeld. For example, Malkin et al. (2012) found that caged quagga
mussels held on the bottom of the nearshore in Lake Ontario experienced negative growth rates (i.e., biomass loss) as a result of food depletion during lake stratiﬁcation. In contrast, mussels from shallower
depths exhibited positive and greater growth rates at the same time.
4.3. Impact of mussel habitat depth on clearance rates
Mussel habitat depth had a positive effect on CR (Table 3), with mussels from 20 m depth exhibiting 3–4× higher CR than those from 2 to
10 m (Fig. 2). Experimental settings (i.e., initial turbidity; mussel DW;
number of mussels; mussel SL) in the habitat depth experiment were
intermediate compared to the other experiments (Table 1). Also, these
covariates were all identiﬁed as insigniﬁcant during model selection.
Therefore, it is unlikely that the high CRs of mussels from 20 m depth resulted from differences in experimental conditions, although we note
that fewer replicates were conducted here than other depths (3 vs.
8–12, Fig. 2).
Quagga
mussels
demonstrate
phenotypic
plasticity
(e.g., morphological plasticity) in different environments (Roe and
MacIsaac, 1997; Claxton et al., 1998; Peyer et al., 2010; OuellettePlante et al., 2017). Animals inhabiting deeper water (e.g., below the
thermocline) experience lower water temperature, oxygen concentration, water motion, and food availability than those from shallower
water, leading to slower growth rates (Peyer et al., 2010; Bocaniov
et al., 2014; Karatayev et al., 2018). As a result, quagga mussels living
in deeper water may have adapted to such conditions and allocate disproportionately more energy to ﬁlter water and to sustain growth and
oxygen needs (Malkin et al., 2012), which may explain the higher CRs
per unit biomass for mussels at 20 m. Even though more studies are
needed to investigate mechanisms of variations in CRs among populations from different depths, our observations suggest profound impacts
of deep-water quagga mussels on invaded water bodies. For example,
disappearance of spring blooms consequent to the spread of quagga
mussels to deeper water in Lake Michigan has been attributed to direct
consumption of deep-water phytoplankton by mussels (Vanderploeg
et al., 2010; Pothoven and Vanderploeg, 2020). Our ﬁndings support
this hypothesis because mussels from deeper water may clear a greater
amount of water than expected when the lake is well-mixed vertically
during winter through spring.
4.4. Impact of ﬂow velocity on clearance rates
Increased ﬂow had a positive impact on CRs before it became inhibitory at high velocity (Fig. 3). In general, increased water velocity improves food delivery and allows for more efﬁcient capture of total
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5. Conclusions

Appendix A. Supplementary data

Multiple environmental factors, particularly water temperature,
ﬂow velocity, food availability, and mussel habitat depth, regulate
CRs of quagga mussels. Our study suggests that quagga mussels in
warm waters (> 12 to 24 °C) with intermediate ﬂow velocities
(6–12 cm s−1) and high food supply have the highest ﬁltering capacity. Generally, high CRs can produce fast growth and dense mussel
beds, causing substantial changes to invaded ecosystems
(Vanderploeg et al., 2001; Higgins and Vander Zanden, 2010;
Vanderploeg et al., 2010; Tang et al., 2014; Rowe et al., 2017).
These effects are strongly associated with the ﬁltering capacity and
abundance of dreissenid mussels, which in turn are regulated by
factors including those investigated here. Given the extensive
habitat heterogeneity in the Great Lakes, local environmental conditions are expected to regulate the establishment, growth, population
expansion, and impact of quagga mussels (Nalepa et al., 2010). Lakewide impacts of the invasive dreissenid mussels are difﬁcult to delineate and ecological models provide valuable tools for addressing this
issue (Boegman et al., 2008; Rowe et al., 2017; Karatayev et al., 2018;
Shen et al., 2018). However, clearance rates of mussels are often
treated in highly simpliﬁed manners, with ﬁxed values (Boegman
et al., 2008) or very few impacting factors such as water temperature
only (Rowe et al., 2017; Karatayev et al., 2018) or water temperature
and mussel size (Shen et al., 2018). These simpliﬁcations are understandable due to the very real modeling challenges resulting from
ecosystem complexity and limits on computational power. However,
our ﬁndings demonstrate that varying environmental drivers may
create strong spatial and temporal variation in mussel performance,
which can cause CRs to vary up to 10× under widely ranging environmental conditions. We suggest that whole-lake models would
beneﬁt from considering well-partitioned ecosystems based on important regulating factors of mussel ﬁltering capacities such as
those investigated in this study. We also propose that this multifactor approach should be used to reﬁne understanding of effects of
ﬁlter-feeding species in general on large aquatic ecosystems via
benthic-pelagic food web coupling.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.144435.
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