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Unionids are considered ecosystem engineers in aquatic ecosystems, but they are
endangered because of human-induced changes that have altered their habitat and
negatively impacted their ecophysiology. Environmental stressors (conditions that
exceed their normal range of variation) do not act alone, rather they interact as multiple
stressors. The goal of this study was to examine how changes in temperature, total
suspended solids (TSS) and flow affected the clearance rates (CR) and oxygen
consumption (OC) of Lampsilis siliquoidea in laboratory experiments. The CR and OC
of L. siliquoidea increased with acclimation temperature and water velocity, and
decreased with TSS concentration and exposure to acute temperature change. The
main stressor effects depended on acclimation temperature; temperature was the
primary stressor at 12.5°C, velocity at 20°C, and TSS concentration at 27.5°C. These
results provide information on the effects of multiple stressors on mussel ecophysiology
which will inform policy decisions regarding their conservation.
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INTRODUCTION
Unionid mussels are freshwater suspension feeders that play key roles in aquatic
systems including lakes, streams and rivers (Vaughn et al., 2008; Vaughn, 2018).
Unionids often live burrowed in multi-species mussel bed assemblages (areas of high
mussel density) where they feed on food particles suspended in the water column
(Vaughn, 1997; Haag, 2012). In addition to the coupling of energy between the pelagic
and benthic zones through biodeposition stemming from suspension feeding and
burrowing activities, they comprise a large portion of benthic biomass (anywhere from
50-90%) (Haag, 2012; Haag and Williams, 2014). This creation of habitat, deposition of
organic matter (faeces and pseudofaeces) into the sediment, and resultant nutrient
cycling has substantial impacts on other organisms (Spooner and Vaughn, 2006;
Vaughn et al., 2008; Haag, 2012; Vaughn, 2018). In addition, they exchange reactive
metals in the hyporheic zone, contribute to the food web through trophic interactions,
and can be used as environmental indicators of pollution (Vaughn et al., 2016; Vaughn,
2018). Consequently, freshwater mussels are considered ecosystem engineers
(Spooner and Vaughn, 2006; Vaughn, 2018).
Despite their important role in aquatic ecosystems, unionids are among the most
endangered taxon globally (Lopes-Lima et al., 2018). This is due in part to their unique
life cycle that requires a vertebrate (usually fish) host for their parasitic larvae (glochidia)
to develop (Vaughn, 1997) and disperse to new areas. This reliance on their vertebrate
host makes them vulnerable to any factors that affect the availability of fish hosts such
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as habitat fragmentation (e.g., dams; Metcalfe-Smith, 2003; McNichols et al. 2011).
Once the glochidia have developed into juveniles, they excyst from the host fish and
settle into the riverbed where, if the conditions are conducive to growth and survival,
they develop into adults (Vaughn, 1997; Strayer et al., 2004). Land-use changes,
habitat destruction, pollution, commercial harvesting, and invasive species have also
contributed to their endangerment (Strayer et al., 2004; Newton and Cope, 2006; Haag
and Williams, 2014). In particular, land-use changes including agricultural practices,
urbanization, dam construction and riparian clearing have altered the conditions of
fluvial habitats, which comprise much of their remaining habitat (Bunn and Arthington,
2002). Unionids are more sensitive to habitat alteration than many other aquatic
organisms (Haag and Williams, 2014) likely due to a dependency on water quality,
substrate and hydrodynamic conditions, as well as slow growth rates and the
aforementioned complex life cycle linked to host fishes (Morales et al., 2006; Haag and
Williams, 2014; Strayer et al., 2004). Unfortunately, almost 70% of North American
unionids have conservation concerns (i.e., are Species at Risk; SAR) and are listed as
threatened, special concern, endangered, or extinct (Cope et al., 2008).

Multiple Stressors
A stressor can be considered a condition, variable or event that exceeds its range of
normal variation and has a negative effect on an organism (Townsend et al, 2008;
Wagenhoff et al., 2013). Ecosystems can be affected by many environmental stressors
2

that act simultaneously to impair ecosystem condition (Smith et al., 2015). Freshwater
ecosystems are among the most sensitive to stressors due to the connectivity and
transport within watersheds (Ormerod et al., 2010), and current threats to freshwater
mussels often present themselves as chronic, slow and low-level stressors (Strayer et
al., 2004; Cope et al., 2008). Habitat alteration typically stems from human activities like
land-use changes, and multiple stressors frequently occur from a single source or
activity (Ormerod et al., 2010). Climate change further complicates the manifestation of
multiple stressors because it is projected not only to increase temperatures worldwide,
but also to increase the frequency of intense climatic events, such as droughts, storms,
and floods (Döll and Zhang, 2010; Ormerod et al., 2010). It is important to recognize
that environmental stressors co-occur and examining them in isolation does not yield
information representative of the natural environment (Ormerod et al., 2010).
Multiple stressor responses can be simple (i.e., additive and/or multiplicative) or
complex (i.e., synergistic or antagonistic) (Townsend et al., 2008) and their interactions
are often unpredictable; it is often difficult to disentangle and identify them (Folt et al.,
1999). Synergism and antagonism refer to responses from combined stressors that are
larger or smaller, respectively, than any observed individual stressor effects (Townsend
et al., 2008). When stressors act in combination with each other, they can create effects
that can exceed the effect of each individual stressor alone, and these effects are often
categorized as additive or multiplicative (Chen et al., 2004). An additive effect connotes
a situation in which the responses from multiple stressors are equivalent or greater than
the sum of the individual stressor responses (Folt et al., 1999; Townsend et al., 2008).
3

In contrast, a multiplicative effect connotes a situation in which the responses from the
multiple stressors are equivalent or greater than the product of the individual stressor
responses (Folt et al., 1999; Townsend et al., 2008).
Stressors, which can be physical, chemical or biological, place constraints on
species productivity and ecosystem processes (Ormerod et al., 2010). Stream algae,
bacteria, macroinvertebrates, fishes and amphibians are examples of aquatic organisms
that have been examined using a multiple stressor approach (Wagenhoff et al., 2013;
Townsend et al., 2008; Ramezani et al., 2014; Chen et al., 2004). Most multistressor
studies in freshwater with three or more stressors have unfortunately not involved
bivalves, rather they have focused on insect larvae, crustaceans and gastropods
(Elbrecht et al., 2016; Townsend et al., 2008). In contrast, the effects of two stressors
have been examined in unionids (Aldridge, 1987; Pandolfo et al., 2010; Archambault et
al., 2014; Galbraith et al., 2012; Wang et al., 2011; Tuttle-Raycraft and Ackerman,
2019). For example, toxicological studies have investigated the effects of stressors such
as combinations of metals, toxic compounds and temperature, etc. (Wang et al., 2011;
Loayza-Muro and Elías-Letts, 2007; Pandolfo et al., 2010).
Unionids can respond to stressful conditions behaviourally, either by closing their
valves and switching to anaerobic metabolism or by burrowing into the sediment to
avoid immediate conditions, however these behavioural responses cannot be done for
extended periods of time, making it crucial to also understand ecophysiological
responses (e.g., Haag, 2012). Both feeding and respiration are common
ecophysiological responses used in the examination of the effects of stressors, and the
4

same factors within the normal ecological range, experienced by unionids (Spooner and
Vaughn, 2008; Vanden Byllaardt and Ackerman, 2014; Tuttle-Raycraft et al., 2017).
Feeding is typically measured using the clearance rate (CR), which is the volume of
water cleared of suspended particles by a mussel per unit time (Coughlan, 1969;
Cahalan et al., 1989). Water enters the mussel through the inhalant aperture (Haag,
2012) where it is drawn through the gills and released through the exhalant aperture
back into the water column (Haag, 2012). Cilia on the gill filaments generate a current
that allows this pumping and suspension feeding to occur, and food particles are
captured and processed while oxygen molecules diffuse into the hemolymph circulating
in vessels on the gills (Haag, 2012). Any particles not ingested are expelled through the
inhalant aperture as pseudofaeces (Madon et al., 1998); waste particles are expelled
through the exhalant aperture. Because oxygen consumption (OC; the amount of
oxygen taken in and used by a mussel per unit time) is thought to be related to bivalve
feeding, where OC increases with CR (Aldridge et al., 1987; Madon et al., 1998;
Spooner and Vaughn, 2008; Haag, 2012), measuring both OC and CR can provide a
greater understanding of the energetic processes and ecophysiological responses of
mussels to stressors. Furthermore, metabolic temperature acclimation, that is the
adjustment in metabolic rate that occurs as temperatures fluctuate, is often detected by
calculating an organism’s acute temperature response (for example, Q10) (Alexander et
al., 1994). For example, Alexander et al. (1994) investigated the effects of two factors:
temperature and total suspended solids (TSS), and their effects on the respiration rates
(OC) of zebra mussels (Dreissena polymorpha). Seasonal temperature and TSS
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concentrations vary inversely with each other, likely due to seasonal changes in
discharge (Alexander et al., 1994). Thus, increasing acclimation temperature led to a
significant increase in OC whereas increasing TSS resulted in a significant decrease in
OC (Alexander et al., 1994). Most notable was the decrease in OC of warmeracclimated compared to colder-acclimated individuals as TSS levels increased, in which
combined high TSS and temperature levels had a stronger effect on respiration than
when these factors were manipulated in isolation (Alexander et al., 1994).
In another two-factor study, Tuttle-Raycraft and Ackerman (2019) examined the
effects of changing levels of total suspended solids (TSS) and water velocity on the CR
of Fatmucket (Lampsilis siliquoidea) collected from a clear water river and a turbid river.
Increased TSS reduced CR whereas increased flow increased CR, consistent with
previous studies involving single stressors (Tuttle-Raycraft et al., 2017; Mistry and
Ackerman, 2018; Tuttle-Raycraft and Ackerman, 2019). Although CR declined under
increased TSS, increasing velocity ameliorated the decline in CR to an extent (TuttleRaycraft and Ackerman, 2019). The study indicates the interaction between TSS
concentration and water velocity (i.e., TSS flux = water velocity × TSS concentration)
and highlights the importance of incorporating both factors to better understand the
multistressor conditions found in unionid habitats (Tuttle-Raycraft and Ackerman, 2019).
Of the potential stressors affecting unionids, the interactive effects of water velocity,
temperature and total suspended solids remain unknown. While not fully understood, it
is known that these factors are related, for example an increase in seasonal
temperature is associated with higher evapotranspiration and evaporation rates, which
6

reduces river discharge and the suspension of particles in the water column (Fig. 1)
(The Thames River Watershed, 1998; Gordon et al., 2004; Döll and Zhang, 2010).
These three factors are crucial to mussel growth and survival, and often affect their local
distribution and abundance (Morales et al., 2006).
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Figure 1. An example of the relationship between water temperature (°C) and river
discharge (m-3 s-1) monthly averages. Water temperatures were measured at the Grand
River continuous monitoring station in Bridgeport, ON, from 2003-2008 (Loomer and
Cooke, 2011) and discharge measured in Thames River in Thamesville, ON, from 19561990 (The Thames River Watershed, 1998).

Water Velocity and Algal Flux
Water velocity in the Upper Thames River ranges from near-zero at baseflow conditions
to 0.70 m s-1 (The Thames River Watershed, 1998). Laboratory experiments have been
used to understand the relationship between relevant water velocities and mussel
feeding (i.e., algal flux) (Vanden Byllaardt and Ackerman, 2014; Mistry and Ackerman,
7

2017; Mistry and Ackerman, 2018). Measuring mussel feeding responses are crucial
because algal flux (J) depends on the velocity of the water (U) as well as the
concentration of algal particles in the water (C; J = UC) (Vanden Byllaardt and
Ackerman, 2014). This indicates that water velocity as well as algal concentration
directly affect the amount of food a mussel receives (Cahalan et al., 1989; Vanden
Byllaardt and Ackerman, 2014; Mistry and Ackerman, 2018). Mussel CR tends to
increase with increased flow until CR saturates because of the handling time for
processing particles in the gills (Vanden Byllaardt and Ackerman, 2014; Mistry and
Ackerman, 2017; Mistry and Ackerman, 2018). CR and OC may decline under higher
velocities if additional energy is used to clean the gill surface (Cahalan et al., 1989). The
study of the effects of water velocity on OC, however, is limited and requires further
investigation. It’s important to note that higher water velocities in nature are not ideal for
mussel habitat as they may cause dislodgment, bed scour or bed instabilities, making
mussels close their valves and thus reducing CR and OC (Ackerman 1999, Strayer,
2008; Haag, 2012).

Temperature
As thermoconformers, freshwater mussels are physiologically vulnerable to extremes in
temperature, both gradual and sudden (Galbraith et al., 2012; Ganser et al., 2015).
When acclimated (i.e., adjusted to a gradual change in temperature), thermal stress
may present itself in a multitude of ways, from altering cell membrane fluidity to the
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switching to a catabolism-based metabolism (Hochachka and Somero, 2002; Pörtner,
2002; Ganser et al., 2012; Spooner and Vaughn, 2008). Glochidia viability and juvenile
byssus production, burrowing capacity, and overall survival are also compromised at
higher temperatures (Zimmerman and Neves, 2001; Archambault et al., 2013; 2014;
Ganser et al., 2013).
Extreme temperatures that surpass the critical thermal maximum (CTmax) of
unionids are rare in the wild at present, however deviations from natural thermal
conditions are expected to increase as a result of global warming (Galbraith et al.,
2012). Increasing water temperature is also associated with decreased dissolved
oxygen (O2) concentration, due to lower solubility, and increased ammonia (NH3) levels,
due to microbial activity and the conversion of NH3 to NH4+, respectively (Newton, 2003;
Spooner and Vaughn, 2008). Water temperatures in Southern Ontario rivers vary
throughout the ice free period, ranging from 12˚C in the Spring,  25˚C in mid-July, and
≤ 20˚C by early Fall (Upper Thames River Conservation Authority 2019 provisional data;
Grand River Conservation Authority 2019 data). Shell secretion, reproductive activities
and overall growth begins in Spring (about 12-15°C) and ends in Fall (6-12°C) (Strayer,
2008; Haag, 2012). Several studies have investigated the sub-lethal effects of
temperatures on unionids within these ranges (Spooner and Vaughn, 2008;
Archambault et al., 2013; Archambault et al., 2014). Most notably, Spooner and Vaughn
(2008) measured both the CR and OC at temperatures ranging from 5 to 35 °C, of eight
freshwater mussel species, four of which were categorized as ‘thermally sensitive’ and
four as ‘thermally tolerant’. The CR and OC of the thermally sensitive species generally
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reached a peak at 25°C and then decreased at 35°C (Spooner and Vaughn, 2008).
Conversely, the CR and OC of the thermally tolerant species kept climbing (Spooner
and Vaughn, 2008). Like other studies, increased sub-lethal water temperature led to a
species-specific elevation in CR and OC (Spooner and Vaughn, 2008; Galbraith et al.,
2012; Ganser et al., 2013; Payton et al., 2016).

Total Suspended Solids
Recent land-use changes have resulted in five- to ten-fold increases in total suspended
solids (TSS), which in river systems includes inorganic and organic matter (Donohue
and Molinos, 2009). Increases in TSS, or turbidity (a measure of the transparency of the
water), lead to chronic rather than immediately lethal effects on mussels (Brim Box and
Mossa, 1999). The Upper Thames River is broadly classified as a low- to moderatelyturbid river, depending on the time of year (The Thames River Watershed, 1998). High
TSS concentrations often coincide with high flows resulting from storm or flood events
(Gordon et al., 2004). Increased turbidity in the water column results in less light
penetration, which affects primary production and water temperature (Ellis, 1936; Wood
and Armitage, 1997; Brim Box and Mossa, 1999). Elevated TSS can result in the
deposition of fine sediments into interstitial spaces, which can negatively impact mussel
burrowing, habitat availability and juvenile recruitment, as well as the biogeochemical
characteristics of the bed (Lummer et al., 2016; Brim Box and Mossa, 1999; French and
Ackerman, 2014; Wood and Armitage, 1997). Greater amounts of TSS in the water
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column also reduce the amount of food particles ingested by bivalves (Madon et al.,
1998). This is because the increase in suspended inorganic particles clogs gill surfaces,
resulting in more time spent cleaning those surfaces and ejecting the unwanted
particles (i.e., pseudofaeces) rather than feeding (Foster-Smith, 1975). Increased TSS
concentration results in a non-linear decrease in CR in bivalves (Aldridge et al., 1987;
Madon et al., 1998; Tuttle-Raycraft et al., 2017). Furthermore, OC has been found to
decline under increased TSS levels (Aldridge et al., 1987; Alexander et al., 1994;
Madon et al., 1998).

Multistressor Interactions
As indicated above, limited information exists on the combined effects of water velocity,
temperature, and TSS concentration in unionids. Their effects on ecophysiological
responses, i.e. feeding (CR) and respiration (OC) rates, are not fully understood.
Leading from these responses is the effect on long-term growth, commonly estimated
by the Scope for Growth (SFG) Model (Widdows, 1995). In this case, SFG is the
amount of energy available for growth and reproduction after accounting for the
energetic cost of maintenance of an organism (Widdows, 1995). This can be calculated
by subtracting energy used (i.e., respiration and excretion) from energy acquired (i.e.,
feeding), although SFG studies with unionids are rare (Widdows and Johnson, 1988).
To that end, I posed the following research question:
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Research Question
Are the effects of water velocity and TSS on unionid CR and OC similar throughout the
ice-free field season as temperature changes?
Hypothesis
The interactive effects between water velocity and TSS (i.e., TSS flux) vary with
seasonal (acclimation) temperatures because TSS flux places a physiological constraint
on CR and OC, which is affected by the metabolic demands of different temperatures.
Prediction 1
If the hypothesis is true, then CR and OC will be (i) highest when velocity is highest and
TSS is lowest; and (ii) these outcomes will decline as TSS levels increase and velocity
levels decrease at a given temperature (Tuttle-Raycraft and Ackerman, 2019).
Prediction 2
If the hypothesis is true, then the response of CR and OC to velocity and TSS will vary
seasonally (via acclimation temperature) with water temperature. Specifically, the
response with the largest magnitude of CR and OC to TSS and velocity will occur during
the summer when the temperature is the highest.
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METHODS
Mussel Collection and Care
Fatmucket (Lampsilis siliquoidea) was chosen as the model organism to facilitate
comparison to other studies involving the genus Lampsilis (for e.g., Spooner and
Vaughn, 2008; Vanden Byllaardt and Ackerman, 2014; Ganser et al., 2015; TuttleRaycraft et al., 2017; Mistry and Ackerman, 2018). In its riverbed assemblages in
Southern Ontario, L. siliquoidea coexists alongside several other closely-related mussel
genera (Lampsilini tribe counterparts like Actinonaias, Ligumia, Ptychobranchus,
Villosa, etc.), many of which are listed under SARA and ESA in Canada and the United
States, respectively (Campbell et al., 2005; Haag et al., 2012). Fatmucket (n = 51
males; shell length = 11.02 ± 0.20 [mean ± SEM] cm) were collected from the Thames
River near Innerkip (43.215, -80.692) under the Ontario MNRF Licence to Collect Fish
for Scientific Purposes No. 1093813 in early August 2019. Mussels were located by
visual survey and manual excavation of the top sediments. Mature males of similar size
were preferentially selected in order to minimize body size-related effects and/or the
different feeding and energy requirements of females, especially when gravid (Strayer,
2008; Gascho-Landis and Stoeckel, 2016). Shell lengths and whole weight ranged from
8.14 to 13.21 cm (Fig. 2), and 64.7 to 365.3 g wet mass (including shell), respectively
(Fig. 3).
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Figure 2. Size distribution of L. siliquoidea (n = 51, shell length = 11.02 ± 0.2 [mean ±
SEM] cm) used in feeding and respiration experiments.

Figure 3. Wet weight distribution of L. siliquoidea (n = 51, mean weight = 228.5 ± 14.2
[mean ± SEM] g) used in feeding and respiration experiments.

Mussels were transported in aerated coolers partially filled with river water and 6 cm of
river sediment to the Hagen Aqualab (University of Guelph) where they were acclimated
to well water over the course of three days. They were randomly transferred into one of
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six 18-25-L flow-through HDPE (high density polyethylene) holding bins (n = 8 - 9
mussels per bin) with 24-hr residence time of well water and a 12 light:12 dark cycle
(Fig. 4). Bins were aerated and temperature-controlled at all times. Mussels were
acclimated to a specified target temperature (either 12.5 ± 0.04, 20 ± 0.07 or 27.5 ±
0.07 °C) over the course of seven days at a rate of 1°C per day (Fig. 5). Once the bins
reached the target temperature, mussels were acclimated for a further 14 days
minimum (Alexander et al., 1994; Spooner and Vaughn, 2008; Galbraith et al., 2012).
Shells were marked on the periostracum (the thin, proteinaceous layer covering the
outer shell surface) with a unique ID number using a screwdriver, and shell length and
wet mass were recorded. Interestingly, a number of the collected mussels had been
collected in the last field season (from September-November 2018; N = 11), but there
was no evidence to suggest that shell length (t9 = -1.13, p = 0.86) or width (t9 = -2.37, p
= 0.97) had increased significantly from Fall 2018-Fall 2019 using a paired t-test.
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Figure 4..The layout of the flow-through housing bins used to hold Lampsilis siliquoidea
(n = 8-9 mussels per bin) throughout the course of experiments. Each bin had an airline
and a waterline providing continuous circulation of well water (residence time = 24 hr).
The excess water was captured by circular 75-L bins (Rubbermaid, OH, USA) that was
consequently bleached according to established SOPs.

Figure 5. Diagram of the housing arrangement of Lampsilis siliquoidea mussels. There
were six flow-through bins (18 L), two for each of the three temperature treatments (12.5,
20 and 27.5 ˚C), with ~8 animals inside each bin.
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Mussels were fed approximately 10 mL daily of a combination of preserved
microalgae Shellfish Diet 1800© and Nannochloropsis 3600© (Reed Mariculture Inc,
CA) diluted with well water (1.5 × 104 cells L-1), similar to previous studies that report
high survival (Vanden Byllaardt and Ackerman, 2014; Mistry and Ackerman, 2018;
Tuttle-Raycraft et al., 2017). Each mussel underwent two days of fasting prior to
experiments in order to minimize incidence of non-feeding during experiments
(Silverman et al., 1997; Beck and Neves, 2004). Unfortunately, 12 total mortalities were
observed in the holding bins set to 20 (n = 3) and 27.5 °C (n = 9). Deceased individuals
were quickly observed and removed from the bins and preserved in 10% formalin. Once
trials were complete, the remaining animals (n = 39) were acclimated at a rate of 1°C
per day to the mean water temperature of their collection site (~5°C) and returned.
There is no evidence to suggest that shell length (t38 = -0.03, p = 0.51), width (t38 = 1.89, p = 0.97), or wet weight (t38 = -6.57, p = 0.99) increased significantly from the
beginning to the end of the trial period (August-December 2019) according to paired ttest.
Sediment was also collected from the same location as the mussels; it was
gathered by hand from the surface of the riverbed in shallow areas. Sediments were
kept in aerated water at room (~20°C) temperature and kept dark until use. They were
sieved to retain particles between 0 and 63 µm (mixed sediment; clay, fine silt and
coarse silt according to Udden-Wentworth scale) and suspended in well water to create
TSS suspensions (Tuttle-Raycraft et al., 2017).
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Experimental Apparatus
No-flow static conditions: One adult mussel was placed on a polymer mesh platform
suspended 10-15 cm below the top of a 3.5-L high density polyethylene (HDPE) funnel
(26.7 cm diameter x 36.8 cm height) containing 3 L of pre-heated well water (TuttleRaycraft et al., 2017). The funnels were aerated through a hole in a rubber stopper at
the bottom to maintain any sediment suspension and placed inside an 18-L HDPE
bucket (31 cm diameter) for stability (Tuttle-Raycraft et al., 2017). This bucket was
placed in a temperature-controlled water bath, facilitating temperature control of the
bucket (Fig. 6). After ~20 minutes of acclimation to the chamber, algal concentration
was measured every 10 minutes by sampling the water at the center of the funnel
above the mussel and measured in a fluorometer (Turner Designs Trilogy Model 7200002, San Jose, USA) in order to establish the strength of the feeding relationship (lnC
vs. t) (Tuttle-Raycraft et al., 2017). TSS concentration was measured every 10 minutes
by sampling the water above the mussel and using a HACH kit (DR 2800) (TuttleRaycraft and Ackerman, 2019). Every trial was run simultaneously with a no-mussel
control.
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Figure 6. Image of the bucket where static (zero-flow) clearance rate (CR) experiments
took place. Mussels were placed on the polymer mesh platform suspended 10-15 cm
below the top of a 3.5-L high density polyethylene (HDPE) funnel (26.7 cm diameter x
36.8 cm height). The funnels were aerated through a hole in a rubber stopper at the
bottom to maintain any sediment suspension. This bucket was then placed in a
temperature-controlled water bath.

Flowing conditions: For trials involving flow, each trial involved placing one mussel into
the sediment chamber of an 18.5-L recirculating flow chamber (1.8 m long × 0.18 m
wide × 0.03 m water depth with a sediment chamber 0.11 m diameter × 0.15 m deep,
centered 1.43 m downstream; Fig. 7) and placing paired mussel shells in a second flow
chamber as a no-mussel control (Vanden Byllaardt and Ackerman, 2014). The mussel
and paired shells were placed into the sediment chamber so that about 1 cm of the shell
was protruding into the flow (Vanden Byllaardt and Ackerman). In-line instruments
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recorded temperature and flow (ProSense FMM200-1002, Automation Direct,
Cumming, USA), fluorescence (Enviro-T2 Model 2820-000-C, Turner Designs, San
Jose, USA), and turbidity (Cyclops-7F Submersible Turbidity Sensor Model 2110-000-T,
Turner Designs, San Jose, USA) every 10 seconds throughout the trial periods and
dissolved oxygen of the ambient water was monitored at the beginning and end of the
trial using a FireSting GO2 Probe (PyroScience, Aachen, DE). Temperature was held
constant through a water jacket flowing water countercurrent to the flow of the water in
the experimental chamber. No-mussel control trials with paired empty shells were run
simultaneously with the experimental trial in a separate, second, flow chamber to
account for any changes in algal concentration not attributed to mussel feeding (i.e.,
settling). These two flow chambers were randomly selected for measuring control or
experimental runs with each new trial. Mussels were inspected visually every ~5-10
minutes to ensure that valves were open and all probes were functioning properly.
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Figure 7. Scale drawing of the recirculating flow chamber used in clearance rate (CR)
and oxygen consumption (OC) experiments. Four 1-1.5 cm thick flow straighteners,
placed at 1, 7, 14, and 19 cm downstream of the inlet in the 20-cm long expansion section
helped condition the flow in the 180-cm long channel. Mussels were placed in a sediment
chamber so that they were facing into the flow with ~1 cm of their shells in contact with
the oncoming water (Mistry and Ackerman, 2018). Mussels were able to move freely
within the sediment throughout each experimental trial (Mistry and Ackerman, 2018).

Experimental Procedures
Multistressor Experiment
A split-split-plot design was used to measure feeding (CR) and respiration (OC) rates,
separately, in which temperature was the main plot factor while velocity and TSS were
the subplot factors (Bowley, 2015). There were three levels each of water temperature
(Factor A; 12.5˚C, 20˚C and 27.5˚C), velocity (Factor B; no-flow control = 0 cm s-1, 15
cm s-1, and 25 cm s-1), and TSS (Factor C; no-sediment control = 0 mg L-1, 10 mg L-1
and 20 mg L-1) (Fig. 8) in the model (Bowley, 2015):
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𝑌𝑖𝑗𝑘𝑙 = 𝐵𝑙𝑜𝑐𝑘𝑖 + 𝐴𝑗 + 𝐵𝑙𝑜𝑐𝑘𝐴𝑖𝑗 + 𝐵𝑘 + 𝐴𝐵𝑗𝑘 + 𝐵𝑙𝑜𝑐𝑘𝐴𝐵𝑖𝑘 +
𝐶𝑙 + 𝐴𝐶𝑗𝑙 + 𝐵𝐶𝑘𝑙 + 𝐴𝐵𝐶𝑗𝑘𝑙 + 𝑒𝑖𝑗𝑘𝑙

(Eq. 1)

The temperature levels were chosen based on the Upper Thames River Conservation
Authority’s (UTRCA) river data to span the range of water temperatures of a typical field
season in the Thames River (UTRCA 2019 provisional data). The chosen temperatures
also facilitate comparison with temperature acclimation studies in unionids (Spooner
and Vaughn, 2008). Similarly, the velocities were chosen because they facilitate
comparison with other studies involving static tests (i.e., 0 cm s-1) and those that have
been shown to affect CR in unionid mussels (15 and 25 cm s-1) (Mistry and Ackerman,
2018; Tuttle-Raycraft and Ackerman, 2018). The same is true for TSS concentrations in
which 10 and 20 mg L-1 lead to reduced CR (Tuttle-Raycraft et al., 2017). Five
replicates were performed for all 27 combinations of temperature × velocity × TSS
concentration. A split-split-plot design was used for these experiments because of the
extremely large number of male mussels needed to replicate all three temperature
levels in a 3 × 3 × 3 factorial design as well as time constraints.
In this set of experiments, acclimation and experimental temperature were kept
the same. A replicate of all treatments was completed before the next replicate was
started (RCBD), and mussels within those treatments were selected using a random
number generator. Because of the number of animals needed, mussels were reused up
to three times, however never within the same TSS concentration or velocity
combination treatment (Tuttle-Raycraft and Ackerman, 2019).
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Figure 8. The split-split-plot design where temperature (A) was the main plot factor
while velocity (B) and TSS (C) were the subplot factors (Bowley, 2015). There were
three levels each of water temperature (12.5˚C, 20˚C and 27.5˚C), velocity (no-flow
control = 0 cm s-1, 15 cm s-1, and 25 cm s-1), and TSS (no-sediment control = 0 mg L-1,
10 mg L-1 and 20 mg L-1).

Acute Temperature Experiment
It is common to consider the effects of acute temperature increase on mussels, however
there are situations that can result in acute decreases in temperature as well (e.g. cold
bottom water released from a dam during summer). To determine the relationships of
ecophysiological responses with acute temperature change, three separate 2 × 2 × 3
factorial designs were used, one each for CR, OC and SFG. The three factors were: 1)
acclimation temperature (Factor A; 12.5 and 27.5 °C); 2) temperature change (Factor B;
Acute, where mussels were tested at a new temperature vs. Acclimation, where
mussels were tested at the same temperature as their acclimation temperature), and; 3)
TSS flux (Factor C; 0, 150 and 500 mg m-2 s-1). The TSS flux levels combined varying
levels of chamber velocity (cm s-1) and TSS concentration (mg L-1): (1) 0 cm s-1 × 0 mg
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L-1 = 0 mg m-2 s-1; (2) 15 cm s-1 × 10 mg L-1 = 150 mg m-2 s-1; and (3) 25 cm s-1 × 20 mg
L-1 = 500 mg m-2 s-1. The three-way factorial was represented by the model (Bowley,
2015):
𝑌𝑖𝑗𝑘 = 𝜇 + 𝐹𝑎𝑐𝑡𝑜𝑟𝐴𝑖 + 𝐹𝑎𝑐𝑡𝑜𝑟𝐵𝑗 + 𝐹𝑎𝑐𝑡𝑜𝑟𝐶𝑘 + 𝐴𝑖𝑗 × 𝐵𝑖𝑗 + 𝐵𝑗𝑘 × 𝐶𝑗𝑘 + 𝐴𝑖𝑘 × 𝐶𝑖𝑘 +
𝐴𝑖𝑗𝑘 × 𝐵𝑖𝑗𝑘 × 𝐶𝑖𝑗𝑘 + 𝑒𝑖𝑗𝑘

(Eq. 2)

The set of TSS flux levels facilitated comparison with other TSS flux studies (TuttleRaycraft and Ackerman, 2019) done at room temperatures (17-20 °C), as well as the
assessment of mussel feeding and respiration responses under acute temperature
stress (Nyboer and Chapman, 2017). Five replicates were performed for all 12
combinations of acclimation temperature × acute and acclimated trials × TSS flux levels.
A complete replicate of all treatments was run before the next replicate was started
(RCBD), and mussels within those treatments were selected using a random number
generator. Mussels were reused up to two times, however never within the same TSS
flux treatment, and gradually warmed or cooled back to their original acclimation
temperature after experiments.

Feeding × Respiration Experiment
To assess the relationship between clearance rate (CR) and oxygen consumption (OC),
mussel CR and OC were measured in a closed-system respiration chamber with 11
replicates. Mussels were acclimated for ~20 minutes at room temperature (~20°C) to
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the 1-L chamber (0.09 m diameter × 0.19 m deep). A magnetic stir bar, isolated from the
animal by a plastic platform, kept water mixed throughout the trials. O2 concentration
(mg L-1) was measured for 90 minutes using a FireSting GO2 probe, calibrated with airsaturated water, and fluorescence was measured before and after these trials for CR
determination (Turner Designs Trilogy Model 7200-002, San Jose, USA). The chamber
was kept dark for the entirety of the trial to discourage any algal photosynthesis, and a
no-mussel control trial was subsequently run to account for any algal settling (Fig. 9).

B

A

Figure 9. Image of the respiration chamber from: (A) the front, and (B) the top without
the lid. Mussels were placed inside the inner 1-L chamber (0.09 m diameter × 0.19 m
deep), while the outer chamber (0.205 m diameter × 0.19 m deep) kept water
temperature stable at 20°C. A magnetic stir bar, isolated from the animal by a plastic
platform, kept water mixed throughout the trials. The chamber was kept dark using
aluminum foil as well as an upturned opaque box (not shown) for the entirety of the trial.
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Clearance Rate Determination
Mussel clearance rates (CR) were calculated the same way for all experiments. Live
Chlorella vulgaris was added to pre-heated, oxygenated well water at a concentration of
1.0 × 106 cells L-1 (Vanden Byllaardt and Ackerman, 2014; Tuttle-Raycraft et al., 2017)
~20 minutes after acclimating the mussel to the sediment chamber. The same
concentration of C. vulgaris was added to the control chamber. Chlorophyll α
concentration was measured over the course of the 60-minute trials in both the no-flow
and flow chambers. Clearance rates (CR) were calculated using Coughlan’s (1969)
equation:

𝐶𝑅 =

𝑉𝑜𝑙
𝑁

(

𝜕(ln 𝐶)
𝜕𝑡

−

𝜕(ln 𝐶′)
𝜕𝑡

)

(Eq. 3)

where Vol = volume of water in chamber (flow chamber: 18.5 L; funnel chamber: 3.0 L;
respiration chamber: 1.0 L), C = chlorophyll a concentration (µg L-1) in the experimental
and no-mussel control (C’) trials, N = number of mussels (1), and t = time (h). Several
observations were discarded because they did not meet assumptions of the CR model
(Table 1).
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Table 1. Summary of the CR observations that were considered invalid for the CR
model (total number of trials = 135). Three of these 10 CR values were recovered by
using the mean control dC/dt’ of the respective treatment.
Problematic measurements
R2 < 0.75 for plots lnC vs. t (feeding response considered weak)

Number of
trials
3

lnC’ vs t > lnC vs. t (problem with control chamber measurement)

4

Positive/nonlinear lnC vs. t (problem with experimental measurement)

2

Other (software malfunction)

1
Total 10

Oxygen Consumption Determination
The rate of oxygen (O2) consumption (OC) was calculated for the flow chamber
experiments over 60-minute trials (Gale et al., 1991; Spooner and Vaughn, 2008) using
the InEx method in which the exhaled water was sampled directly after passage through
the mussel’s gills and compared to bulk concentration at the inhalant aperture (Yahel et
al., 2005). Temperature-corrected O2 saturation (mg L-1) was measured with a FireSting
GO2 probe (PyroScience, Aachen, DE) every 10 s mounted over the temperaturecontrolled recirculating flow chamber. Mussels were given sufficient time (~20 minutes)
to acclimate to the sediment chamber and in this time the O2 probe measured bulk
water O2 concentration. Before commencing trials, the probe was positioned so that it
was sitting just outside (i.e., within ~2 mm) of the mussel’s exhalant aperture (Fig. 10)
throughout the course of the 60-minute trial. Probe position was checked regularly (e.g.,
every 5 – 10 min) for potential animal movement requiring the probe to be repositioned.
Bulk O2 concentration was measured at the end of the trial.
27

Figure 10. Top down view of Lampilis siliquoidea (oriented with its ventral surface
toward the bottom of the photo) in a respiration chamber. The inhalant aperture (red
arrow toward bottom of photo), located on the posterior end of the shell, is the organ
where water is brought in to the mussel for respiration and feeding. Located behind it is
the exhalent aperture (yellow arrow toward top of photo), the site where faeces is
ejected from the mussel and where the O2 probe was positioned.

Whole-animal O2 consumption rates (OC, mg O2 g-1 h-1) were calculated based
on the InEx method using Steffenson’s (1989) equation:

𝑂𝐶 =

𝑉𝑜𝑙 𝜕𝐶𝑊𝑂2
𝑀𝑏

(

𝜕𝑡

−

𝜕𝐶 ′ 𝑊𝑂2
𝜕𝑡

)
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(Eq. 4)

where CWO2 = O2 concentration at the exhalant aperture and bulk water (C’WO2), Vol =
volume of water in the chamber (Vol = 18.5 L), and Mb = mass of the animal (g) (Chen
et al., 2001; Alexander et al., 1994). Respiration was measured in all cases except the
no-flow static conditions because the O2 probe could not be accurately positioned over
the exhalant aperture in this setup. A number of observations were discarded because
they did not meet assumptions of the InEx OC model (Table 2A and 2B). Experiments
were non-invasive and wet weights were measured and used in analyses so as not to
require the sacrifice of any of the animals (Chen et al., 2001). Whereas the conventional
Q10 temperature coefficient is limited to indicate the response to an acute increase in
temperature, the rate of change of oxygen consumption with an acute 10°C change in
temperature (ROCOC) used here indicates the response to both acute temperature
increase and decrease. Therefore ROCOC was calculated as:

𝑂𝐶

10

𝑅𝑂𝐶𝑂𝐶 = (𝑂𝐶1)𝑇1−𝑇2

(Eq. 5)

2

where OC1 and OC2 are mean O2 consumption rates (mg O2 kg-1 h-1), and T1 and T2 are
corresponding temperatures (˚C) (Nishizaki and Carrington, 2014). For example, a
ROCOC of 3.0 would indicate a three-fold change in OC rates in adjustment to a sudden
temperature change.
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Table 2. Summary of the OC observations that were considered invalid for the InEx OC
model (total number of trials = 90). Fifteen of these 20 OC values were recovered by
using the mean of the treatment. Note that there were five observations for each
treatment.
Problematic measurements

Number
of trials

Problematic CR value (see Table 1): unreliable OC value

6

Number
of trials
replaced
by mean
2

Improper probe positioning into tissues: CWO2 too low

3

2

Improper probe positioning into water column: CWO2 too high,
i.e. = C’WO2

9

9

Other (probe malfunction)

2

2

Total 20
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Scope for Growth Determination
Scope for growth (SFG), the amount of energy a mussel has for growth and
reproduction after energetic expenses (Bayne, 2017), was calculated based on the
calculated CR and OC rates:
𝑆𝐹𝐺 = 𝐴 − 𝑅

(Eq. 6)

Where A = Energy absorbed from food (J g-1 h-1); R = Energy lost through respiration (J
g-1 h-1) (Halldórsson et al., 2005). The energy absorbed from food (A) was determined
using calculated CR values and the energetic equivalent values for C. vulgaris:
𝐴 = 𝐴𝐸 ∗ 𝑒𝑛𝑒𝑟𝑔𝑦 𝑣𝑎𝑙𝑢𝑒 ∗ 𝐶𝑅
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(Eq. 7)

where AE = absorption efficiency (0.65, an average value based on the work of
Widdows and Staff (1997), Mubiana and Blust (2013), and Baldwin et al. (2002));
energy value = energy equivalent of algal concentration (1.14 J L-1 for Chlorella vulgaris,
based on Oliver et al. (1981)’s measures of Chlorella cell diameter and density as well
as Chia et al. (2013), Tokusoglu et al. (2003) and Illman et al. (2000)’s measures of
calorific values of Chlorella cells); and CR = volume of water cleared by a mussel per
hour (L mussel-1 h-1).The energy lost through respiration (R) was determined using
calculated OC values:
𝑅 = 𝑂𝐶 ∗ 0.456 𝐽 µ𝑚𝑜𝑙 −1 𝑂2

(Eq. 8)

where OC = oxygen consumption by a mussel per hour (µmol O2 g mussel-1 h-1); 0.456
= is the heat equivalent of oxygen uptake (J µmol-1 O2).
Scope for growth (SFG) provides a valuable quantitative measure of stress
experienced by organisms (Widdows, 1995; Halldórsson et al., 2005). SFG can be
initially classified into three general categories: High growth potential/low stress (>15 J
h-1), moderate growth potential/moderate stress (5–15 J h-1) and low growth
potential/high stress (<5 J h-1) (Widdows et al., 2002).
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Statistical Analyses
Multistressor Experiment
Results were examined statistically using linear models and after assumptions of
normality and homogeneity of variance were examined. A split-split-plot analysis of
variance (ANOVA) was used to determine the effects and/or interactions of velocity and
TSS under different temperature treatments on CR, OC, and SFG data. A log (CR)
transformation was required to satisfy the assumption of normally distributed residuals
in the CR model (Shapiro Wilk test, p > 0.05 in log(CR), OC, and SFG models). In the
CR model, multiple comparisons of treatments by means of LSD and grouping of
treatments were used to determine significant pairwise differences because of a
significant interaction.
The effect of the individual and multiple stressors were determined by comparing
the change in the response of CR to a change in a single stressor under a given
condition to that of the same stressor applied across multiple conditions of a second
single stressor. The pooled values were then compared to the sum and product of the
two single stressors to determine whether the combined effects were additive (e.g., ~
sum of the two single stressor responses) or multiplicative (e.g., ~ product of the two
single stressor responses) in nature. So for example, a single stressor effect would
involve determining the change in CR as the velocity, a single stressor, increased from
0 to 15 cm s-1 at 20°C and 0 mg L-1 TSS. Conversely, a multiple stressor effect would
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involve determining the change in CR as the velocity increased from 0 to 15 cm s-1 at all
levels of TSS (i.e., pooled values for 0, 10 and 20 mg L-1 TSS).
Repeated measures were not included in the statistical analyses because the
number of treatments (27) was too great for a repeated measures experimental design
to be completed within the field season. Hence, any effects due to mussel reuse were
limited as much as possible through reuse at different treatment combinations. The
main-plot and split-plot errors were both mutually independent and similarly distributed
from each other in all models, further satisfying the assumptions of a split-split-plot
design (Jones and Nachtsheim, 2009).

Acute Temperature Experiment
The acclimation data were analyzed using a three-way analysis of variance (ANOVA) to
determine the effects of acclimation temperature (factor A; 12.5 and 27.5 °C), acute vs.
acclimated responses (factor B) and TSS flux (factor C; 0, 150 and 500 mg m-2 s-1) on
the CR, OC and SFG of mussels, separately. All three-way and two-way interactions
were examined in the model, and the data were examined for normality (Shapiro Wilk
test p > 0.05) and homogeneity of variance (Levene’s test p > 0.05). A log
transformation of CR and a sqrt transformation of SFG were required to satisfy the
assumption of normally distributed residuals. Post-hoc Tukey Honest Significant
Difference (HSD) tests were used to determine significant pairwise differences in the
case of TSS flux levels in the CR model. As in the multistressor experiment, effects due
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to mussel reuse were limited as much as possible through reuse at different treatments
(i.e., TSS flux levels).
Linear regression was used to determine the relationship of OC to CR in the feeding
× respiration experiment. All analyses were performed in RStudio (v. 3.6.2) with a type I
error rate, α = 0.05.

RESULTS
Multistressor Experiment
Clearance Rates
Whereas the average CR for all trials was 0.89 ± 0.06 L mussel-1 h-1, the pattern varied
somewhat with the levels of the main factors; CR had a unimodal response with both
temperature and water velocity, but had a declining pattern with TSS (Figure 11A). CR
increased from 0.73 to 1.06 L mussel-1 h-1 from 12.5 to 20 °C, and decreased from 1.06
to 0.89 L mussel-1 h-1 from 20 to 27.5 °C (Fig. 11B), however none of these differences
were found to be significantly different among levels of temperature (F2,8 = 16.20, p =
0.17). Conversely, CR increased from 0.22 to 1.44 L mussel-1 h-1 from 0 to 15 cm s-1,
and then decreased to 1.08 L mussel-1 h-1 at 25 cm s-1 (Fig. 11C). These differences
were significant (F2,24 = 159.40, p < 0.001) and significant pairwise differences were
detected between all three (0, 15 and 25 cm s-1) velocity treatments (p < 0.001). CR
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decreased from 1.05 at 0 mg L-1 TSS to 0.80 and 0.84 at 10 and 20 mg L-1, respectively
(Fig. 11D), and these differences were significant (F2,72 = 7.18, p = 0.002). Significant
pairwise differences were detected between 0 and both 10 and 20 mg L -1 (p < 0.001)
(Table 3).

Table 3. Split-split plot analysis of variance summary table of clearance rates, where
three temperatures were tested against three velocity and TSS levels, with temperature
as the main plot, and velocity and TSS as subplot factors, and five replications.
Significant results are presented in bold font.

Source
DF
(Whole plots)
Block
4
Temp
2
Block*temp
8
(Sub-plots)
Velocity
2
Temp*velocity
4
Error
24
(Sub-sub-plots)
TSS
2
Temp*TSS
4
Flow*TSS
4
Temp*velocity*TSS 8
Error
72
Total
134

Sum Sq

Mean Sq

F Value

P Value

1.468
6.446
0.199

0.367
3.223
0.199

16.201

0.173

92.38
8.20
4.64

46.19
2.05
0.29

159.401
7.076

3.728
1.820
0.782
1.580
16.089

1.8641
0.4549
0.1955
0.1975
0.2595

7.184
1.753
0.753
0.761
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< 0.001
0.002

0.002
0.150
0.560
0.638
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2.00
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0.50

0.00
0
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0

15

25

0
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b

1.60
1.40
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0.80
0.60
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0.00

D

C

c

a

b

b
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B

a
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Figure 11. (A) Bar graph showing the clearance rates (CR; L mussel-1 h-1) of L.
siliquoidea at 0, 15 and 25 cm s-1 chamber velocities at three levels each of acclimation
temperature, 12.5, 20 and 27.5 °C (mean ± SEM). TSS concentrations of 0 mg L-1 are
shown with clear bars, 10 mg L-1 with light grey bars, and 20 mg L-1 with dark grey bars
(statistical results displaced below). The effects of (B) temperature (n = 42, 45, and 43
respectively); (C) chamber velocity (n = 44, 41, and 45 respectively), and; (D) total
suspended solid (TSS) concentration (n = 43, 43, and 44 respectively) on the CR of L.
siliquoidea. Lowercase letters represent significant differences found according to
multiple pairwise comparisons of the split-split plot ANOVA model. Note that these are
considered pooled effects because they are the combined results from single effects.
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Additive and multiplicative effects, which are effects in which multiple stressors
amplify a response compared to the effect of a single stressor, were determined from
the CR values. For example, the product of the CR at 0 cm s-1 and the CR at 15 cm s-1
at 0 mg L-1 TSS, provides a measure of the single effect, whereas the product of the CR
at 0 cm s-1 and the CR at 15 cm s-1 using the pooled TSS values (i.e., average for all
TSS concentrations), provides a measure of the pooled effects. Note that the pooled
effects are the same for all comparisons of a given velocity comparison. The increase in
CR from 0 to 15 cm s-1 using the pooled values are provided in Figure 11B; this
increase was higher than the increase in velocity at individual temperature and TSS
levels, including those at 20°C, 10 and 20 mg L-1, 12.5° at all TSS levels, and 27.5° at
20 mg L-1 only (Table 4). Similarly, the decrease in the pooled CR from 15 to 25 cm s-1
was greater than the declines for the individual temperature and TSS level CR, for
example at 12.5° in all TSS conditions and at 27.5° at 10 and 20 mg L -1 (none at 20°C).
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Table 4A. Summary of the effects of velocity on clearance rates of Lampsilis siliquoidea
(CR; L mussel-1 h-1) observed at (i) 20°C, (ii) 12.5°C, and (iii) 27.5°C. Single effects are
based on the product or sum of the CR at two levels of velocity for a given TSS
concentration, whereas pooled effects are based the product or sum of the average CR
for all levels of TSS concentrations at a given velocity. Note the presence of
multiplicative effects at 20 and 12.5 °C (additive effects were not detected and thus
omitted for brevity), the presence of additive effects at 27.5°C (multiplicative effects
were not detected and thus omitted for brevity), and the interaction occurs when S ≤ P
([sum or product of] single effects ≤ pooled means).
i) 20°C (only multiplicative effects detected)
Velocity levels
(mean CR;
L mussel-1 h-1)

TSS level

Product of
single effects
(S)

Product of
pooled
TSS
effects (P)

Single effect
(S) vs.
pooled effect
(P)

Multiplicative
effect (Y/N)

0
vs. 15 cm s-1 at 0 mg L-1
(0.23)
(1.97)

0.46

0.32

S>P

N

0
vs. 15 cm s-1 at 10 mg L-1
(0.17)
(1.74)

0.29

0.32

S≤P

Y

0
vs. 15 cm s-1 at 20 mg L-1
(0.17)
(1.73)

0.29

0.32

S≤P

Y

15
vs. 25 cm s-1 at 0 mg L-1
(1.97)
(1.34)

2.63

1.57

S>P

N

15
vs. 25 cm s-1 at 10 mg L-1
(1.74)
(1.14)

1.99

1.57

S>P

N

15
vs. 25 cm s-1 at 20 mg L-1
(1.73)
(1.12)

1.94

1.57

S>P

N

Product of
single effects
(S)

Product of
pooled
TSS
effects (P)

Single effect
(S) vs.
pooled effect
(P)

Multiplicative
effect (Y/N)

0
vs. 15 cm s-1 at 0 mg L-1
(0.12)
(1.14)

0.13

0.32

S≤P

Y

0
vs. 15 cm s-1 at 10 mg L-1
(0.08)
(0.99)

0.08

0.32

S≤P

Y

0
vs. 15 cm s-1 at 20 mg L-1
(0.08)
(1.19)

0.11

0.32

S≤P

Y

ii) 12.5°C (only multiplicative effects detected)
Velocity levels
(mean CR;
L mussel-1 h-1)

TSS level
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15
vs. 25 cm s-1 at 0 mg L-1
(1.14)
(1.30)

1.48

1.57

S≤P

Y

15
vs. 25 cm s-1 at 10 mg L-1
(0.99)
(0.66)

0.65

1.57

S≤P

Y

15
vs. 25 cm s-1 at 20 mg L-1
(1.19)
(1.05)

1.25

1.57

S≤P

Y

Sum of single
effects (S)

Sum of
pooled
TSS
effects (P)

Single effect
(S) vs.
pooled effect
(P)

Additive
effect (Y/N)

0
vs. 15 cm s-1 at 0 mg L-1
(0.60)
(1.47)

2.07

1.68

S>P

N

0
vs. 15 cm s-1 at 10 mg L-1
(0.36)
(1.46)

1.82

1.68

S>P

N

0
vs. 15 cm s-1 at 20 mg L-1
(0.20)
(1.01)

1.21

1.68

S≤P

Y

15
vs. 25 cm s-1 at 0 mg L-1
(1.47)
(1.69)

3.17

2.53

S>P

N

15
vs. 25 cm s-1 at 10 mg L-1
(1.46)
(0.80)

2.26

2.53

S≤P

Y

15
vs. 25 cm s-1 at 20 mg L-1
(1.01)
(0.90)

1.91

2.53

S≤P

Y

iii) 27.5°C (only additive effects detected)
Velocity levels
(mean CR;
L mussel-1 h-1)

TSS level

Table 4B. Summary of clearance rates (CR; L mussel-1 h-1) of L. siliquoidea pooled by
temperature (°C), velocity (cm s-1) and total suspended solids (TSS; mg L-1), used in
determination of pooled effects (data as plotted in Figure 11).
Temperature (°C)

Mean CR

Velocity (cm s-1)

Mean CR

TSS (mg L-1)

Mean CR

12.5

0.74

0

0.22

0

1.05

20

1.06

15

1.46

10

0.82

27.5

0.89

25

1.08

20

0.84

39

At 20°C, CR followed the same pattern of increase and subsequent decline with
velocity for all TSS cases as the pooled effects shown in the Figure 11B (Fig. 12A). The
magnitudes of CR were all higher at 20°C relative to pooled CR, and several positive
multiplicative effects were present between velocities of 0 to 15 cm s-1, in high TSS
cases (10 and 20 mg L-1 treatments) (i.e., the product of the pooled effects was ≥ the
product of single effects) (Table 4A). There were no observed additive or multiplicative
effects from 15 to 25 cm s-1, meaning the decrease from 15 to 25 cm s-1 was less
dramatic when all stressors were acting together.
Colder temperatures of 12.5°C revealed a similar increase of CR with velocity,
however CR was not as reduced by high (25 cm s-1) velocities compared to 20°C, as
seen by the plateau of CR at high velocities rather than decline (Fig. 12B). In
comparison to pooled means, negative multiplicative effects were present both from 0 to
15 and from 15 to 25 cm s-1, in all TSS conditions (Table 4B). This indicates the effects
of velocity were stronger when all stressors were acting together, i.e., the observed
changes in CR with velocity are not as strong compared to those changes at 20°C.
The effects due to TSS concentration were similar between 12.5 and 20 °C. At
warmer temperatures of 27.5°C, CR increased with velocity and levelled off at 25 cm s1,

in both 0 and 20 mg L-1 TSS, similar to CR patterns at 12.5°C. Meanwhile, CR were

more variable at the intermediate TSS condition (10 mg L -1), with a steeper increase
from 0 to 15 cm s-1 as well as a steeper decrease from 15 to 25 cm s-1 (Fig. 12C).
Several additive effects were present: From 0 to 15 cm s-1, CR increase was amplified
when all stressors were examined together, as evident by additive effects found in CRs
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at 27.5° at high TSS concentration (20 mg L-1). At lower TSS (0 and 10 mg L-1), the
effects of velocity at 27.5°C were stronger on CR, as evident from a lack of additive or
multiplicative pooled effects. Similarly, from 15 to 25 cm s-1, CR decrease was stronger
when all stressors were examined together, as evident from the additive effects in CRs
at 27.5°, especially at higher TSS (10 and 20 mg L-1) (Table 4C).

Figure 12. The effect of chamber velocity (cm s-1) on Lampsilis siliquoidea clearance
rates (CR; L mussel-1 h-1) at three different TSS concentrations (0, 10, and 20 mg L -1),
observed at (A) 12.5°C, (B) 20°C, and (C) 27.5°C.

Interaction among the factors was also found in ANOVA. Specifically, the
interaction of temperature with velocity had significant effects on CR (F4,24 = 7.08, p =
0.002). Aside from the separate effects described above, CR increased from 0 to 15 cm
s-1 and decreased from 15 to 25 cm s-1 for all temperatures, but it was more substantial
at 20°C. CR increased 10-fold and peaked at 1.97 L mussel-1 h-1 at 15 cm s-1 and then
declined to 1.34 L mussel-1 h-1 at 25 cm s-1 (Fig. 13). Pairwise comparisons of
temperature and velocity revealed significant differences between the 20°C, 15 cm s -1
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treatment and all other treatments (p < 0.05). This peak in CR was originally expected to
have occurred at the highest temperature treatment (i.e., 27.5°C), and not 20°C, thus
suggesting that velocity may have a greater effect on CR at mid-temperature (i.e., 20°C)
than at lower or higher temperatures.

*

2.00

*

1.60

(L mussel-1 h-1)

Clearance Rate

1.80
1.40
1.20
1.00

12.5°C

0.80

20°C

0.60

27.5°C

0.40
0.20
0.00
0

5

10

15

20

25

Chamber Velocity (cm s-1)

Figure 13. The effect of chamber velocity (0, 15, and 25 cm s-1) at three different
temperatures (12.5, 20, and 27.5 °C) on the clearance rates (CR; L mussel-1 h-1) of L.
siliquoidea. CR was significantly higher at 20°C and 15 cm s-1 chamber velocity, as shown
with an asterisk on the plot.

The effects of TSS flux (TSS flux = water velocity × TSS concentration) on CR
were also considered in the multistressor experiment. The three levels each of velocity
and TSS were combined to produce five levels of TSS flux: 0 (0 cm s-1 × 0 mg L-1), 150
(15 cm s-1 × 10 mg L-1), 250 (25 cm s-1× 10 mg L-1), 300 (15 cm s-1× 20 mg L-1) and 500
(25 cm s-1 × 20 mg L-1) mg m-2 s-1. Unfortunately, these results could not be analyzed
statistically because the sample size was not sufficient for analysis. CR initially
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increased from 0.69 to 1.39 L mussel-1 h-1 from 0 to 150 mg m-2 s-1, followed by a
decrease to 0.87 L mussel-1 h-1 at 250 mg m-2 s-1. From 250 to 300 mg m-2 s-1, CR
increased to 1.31 L mussel-1 h-1, and declined by 0.29 L mussel-1 h-1 to 1.02 L mussel-1
h-1 at 500 mg m-2 s-1 (Fig. 14).
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1.00
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TSS Flux (mg m-2 s-1)
Figure 14. The clearance rates (CR; L mussel-1 h-1) of L. siliquoidea at five TSS flux
levels: 0 (n = 71), 150 (n = 13), 250 (n = 15), 300 (n = 15) and 500 (n = 14) mg m -2 s-1,
pooled across acclimation temperatures.

Oxygen Consumption Rates
There was a linear relationship between clearance rate and oxygen consumption
measured in the sealed chambers (Fig. 15). As CR increased, so did OC (y = 0.80x +
0.68, R2 = 0.57; F1,9 = 14.08, p = 0.0045). Thus, CR is predictive of OC.
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Clearance Rate (L mussel-1 h-1)
Figure 15. Relationship between oxygen consumption (OC) and clearance rate (CR)
measured in a sealed respiration chamber using closed respirometry.

Using the InEx method, the average oxygen consumption (OC) for all trials (n =
85 observations) was 0.013 ± 0.0009 mg O2 g-1 mussel-1 h-1, several patterns were
found in response to the main factors; OC increased with temperature and velocity but
was more variable with TSS. OC increased from 0.009 mg O2 g-1 mussel-1 h-1 at 12.5°C
to 0.015 mg O2 g-1 mussel-1 h-1 at both 20 and 27.5 °C (Fig. 16A). OC was significantly
different at 12.5°C from the other two temperature treatments (F2,8 = 29.107, p = 0.01).
OC increased from 0.010 to 0.015 mg O2 g-1 mussel-1 h-1 between 15 cm s-1 to 25 cm s-1
(Fig. 16B), and this was significant (F1,12 = 6.501, p = 0.04). OC also decreased from
0.015 to 0.010 mg O2 g-1 mussel-1 h-1 from 0 to 10 mg L-1 TSS, and increased again to
0.014 mg O2 g-1 mussel-1 h-1 from 10 to 20 mg L-1 (Fig. 16C), but no significant
difference was found among these TSS concentrations (F2,48 = 2.938, p = 0.064) (Table
5).
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Table 5. Split-split plot analysis of variance summary table of oxygen consumption
rates, where three temperatures were tested against two velocity and three TSS levels,
with temperature as the main plot, and velocity and TSS as subplot factors, and five
replications. Significant differences are provided in bold font and marginal significance is
indicted by the underlined font.
Source
(Whole plots)
Block
Temp
Block*temp
(Sub-plots)
Velocity
Temp*velocity
Error
(Sub-sub-plots)
TSS
Temp*TSS
Flow*TSS
Temp*velocity*TSS
Error
Total

DF

Sum Sq

Mean Sq

F Value

P Value

4
2
8

0.0001
0.0004
0.00002

< 0.0001
< 0.0001
< 0.0001

29.107
0.231

0.011
0.806

1
2
12

0.0005
0.00006
0.00052

0.0005
0.00003
0.00007

6.501
0.399

0.038
0.685

2
4
2
4
48
89

0.0004
0.0006
0.00001
0.00032
0.0028

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

2.938
2.416
0.103
1.222

0.064
0.063
0.903
0.316

Figure 16. The effects of (A) acclimation temperature (mean ± SE, n = 28, 29, and 28
respectively); (B) chamber velocity (n = 42 and 43, respectively), and; (C) total
suspended solid (TSS) concentration (n = 27, 29, and 29, respectively) on the oxygen
consumption (OC; mg O2 g-1 mussel-1 h-1) using the InEx method on L. siliquoidea.
Lowercase letters represent significant differences found according to multiple pairwise
comparisons of the split-split-plot ANOVA model.
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Scope for Growth
The average SFG in all trials (n = 84 observations) was 0.73 ± 0.05 J g-1 h-1, indicating
low growth potential and/or a high stress environment. Scope for Growth (SFG)
increased from 0.63 to 0.91 J g-1 h-1 from 12.5 to 20 °C, and then decreased to 0.65 J g1

h-1 at 27.5 °C (Fig. 17A). There were no significant differences found in SFG among

temperature treatments (F2,8 = 6.285, p = 0.085). SFG decreased from 0.89 to 0.58 J g-1
h-1 from 15 to 25 cm s-1 velocity treatments (Fig. 17B), which was significant (F1,12 =
8.532, p = 0.02). Finally, SFG declined from 0.87 at 0 mg L-1 TSS to 0.67 and 0.66 J g-1
h-1 at 10 and 20 mg L-1, respectively (Fig. 17C). There were no significant differences
found among levels of TSS concentration (F2,48 = 2.470, p = 0.097) (Table 6).
Table 6. Split-split plot analysis of variance summary table of oxygen consumption rates,
where three temperatures were tested against two velocity and three TSS levels, with
temperature as the main plot, and velocity and TSS as subplot factors, and five
replications.
Source
(Whole plots)
Block
Temp
Block*temp
(Sub-plots)
Velocity
Temp*velocity
Error
(Sub-sub-plots)
TSS
Temp*TSS
Flow*TSS
Temp*velocity*TSS
Error
Total

DF

Sum Sq

Mean Sq

F Value

P Value

4
2
8

2.243
1.8365
0.4383

0.561
0.9183
0.1461

6.285

0.085

1
2
12

1.427
0.2956
1.1708

1.427
0.1478
0.1673

8.532
0.884

0.022
0.455

2
4
2
4
48
89

0.759
0.364
0.409
0.246
6.456

0.3796
0.0910
0.2043
0.0615
0.1537

2.470
0.592
1.329
0.400

0.097
0.670
0.275
0.807
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Figure 17. The effects of (A) temperature (mean ± SE, n = 28, 29, and 28, respectively);
(B) chamber velocity (n = 42 and 43, respectively), and; (C) total suspended solids (TSS)
concentration (n = 27, 29, and 29, respectively) on energy budgets (Scope for growth,
SFG; energy absorbed – energy used) of L. siliquoidea. Lowercase letters represent
significant differences found in the split-split-plot ANOVA model.

Acute Temperature Experiment
Clearance Rates
The results of the three-way ANOVA used to compare the CR results at different
acclimation temperatures (Factor A), acclimated vs. acute experiments (Factor B) and
TSS flux (factor C) revealed statistically significant results for the individual factors (Fig.
18) and no significant three-way or two-way interactions. Specifically, for acclimation
temperature, CR was significantly higher at 27.5°C compared to 12.5°C (F1,38 = 46.97, p
< 0.001). For acute vs. acclimated trial groups, mussels acclimated and tested at the
same temperature (acclimated trials) had nearly three times higher CR than the
mussels that were acclimated and tested at different temperatures (acute trials), and
this difference was significant (F1,38 = 10.68, p < 0.002). Lastly, TSS flux had significant
effects on CR (F2,38 = 39.48, p < 0.001), with Tukeys post-hoc test revealing significant
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differences between both 0 - 150 mg m-2 s-1 and 0 - 500 mg m-2 s-1 TSS flux conditions
(p < 0.001). All two-way interactions of: 1) Acclimation temperature × acute vs.
acclimated trials (F1,38 = 4.09, p = 0.050; marginally significant); 2) acclimation
temperature × TSS flux (F2,38 = 1.99, p = 0.14), and; 3) acute vs. acclimated trials × TSS
flux (F2,38 = 2.21, p = 0.12) were not statistically significant, nor was the three-way
acclimation temperature × acute vs. acclimated trials × TSS flux interaction (F2,38 = 1.57,
p = 0.30).
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Figure 18. Bar graph showing the clearance rates (CR; L mussel-1 h-1) of L. siliquoidea
acclimated to either 12.5 or 27.5 °C at three TSS flux conditions (0, 150 and 500 mg m -2
s-1) (mean ± SEM). Acclimation trial indicates that mussels were kept at 12.5 or 27.5 °C
and then tested at that same respective temperature, while acute trial indicates that
mussels were kept at 12.5 or 27.5 °C and then tested at 20°C. Asterisks indicate a
significant difference between the acclimated vs. acute trials, while uppercase letters
indicate significant differences of acclimation temperatures for a particular acclimated
vs. acute comparison. As well, the TSS flux factor was found to be significantly different
from 0 - 150 and 0 - 500 mg m-2 s-1.
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Oxygen Consumption Rates
The results of the three-way ANOVA used to compare the OC results at different
acclimation temperatures (Factor A), acclimated vs. acute experiments (Factor B) and
TSS flux (factor C) revealed statistically significant results for the TSS flux factor only
(Fig. 19) and no significant three-way or two-way interactions were detected.
Specifically, OC was 0.005 mg O2 g-1 mussel-1 h-1 higher at 27.5 than at 12.5 °C but
these differences were not significant (F1,23 = 0.543, p = 0.47). OC rates were about
0.001 mg O2 g-1 mussel-1 h-1 higher in acclimation trials compared to acute trials, and
this result was marginally significant (F1,23 = 3.987, p = 0.058). Mussel OC was
significantly higher at 500 mg m-2 s-1 TSS flux than at 150 mg m-2 s-1 (F1,23 = 8.096, p <
0.01). All two-way interactions of: 1) Acclimation temperature × acute vs. acclimated
trials (F1,23 = 0.14, p = 0.71); 2) acclimation temperature × TSS flux (F1,23 = 2.12, p =
0.16), and; 3) acute vs. acclimated trials × TSS flux (F1,23 = 0.79, p = 0.38) were not
statistically significant, nor was the three-way acclimation temperature × acute vs.
acclimated trials × TSS flux interaction (F1,23 = 3.75, p = 0.065).
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Figure 19. Bar graph showing the oxygen consumption rates (OC; mg O2 g-1 h-1) of L.
siliquoidea acclimated to either 12.5 or 27.5 °C at two levels of TSS flux (150 and 500
mg m-2 s-1) (mean ± SEM). Acclimated trial indicates that mussels were kept at 12.5 or
27.5 °C and then tested at that same respective temperature, while acute trial indicates
that mussels were kept at 12.5 or 27.5 °C and then tested at 20°C. OC rates were found
to be significantly different between 150 and 500 mg m-2 s-1.

Rates of OC change with acute temperature change (ROCOC) varied somewhat
among temperature ranges (Fig. 20). ROCOC was higher from 12.5 vs. 20 °C compared
to 20 vs. 27.5 °C (i.e., 3.89 compared to 0.63, respectively; Fig. 20). This indicates that
cold-acclimated mussels tested acutely at 20°C increase their OC by nearly four times
to accommodate a new temperature, whereas warm-acclimated mussels tested acutely
at 20°C undergo little OC change in comparison.
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Figure 20. The rates of change of oxygen consumption (ROCOC) values for two different
acclimation temperature ranges (acclimated to 12.5°C and tested at 20°C; acclimated to
27.5°C and tested at 20°C) of L. siliquoidea. A ROCOC value of 1.0 suggests no/little
change in OC rate with acute temperature change, while a value of 2.0 would suggest a
two-fold increase in OC, a value of 3.0 suggests a three-fold increase in OC, etc.

Scope for Growth
Average SFG of the acute temperature trials was 0.18 ± 0.05 J g-1 h-1 (n = 12
observations). This falls within the category considered low growth potential/high stress
(<5 J h-1) (Widdows et al., 2002). The results of the three-way ANOVA used to compare
the SFG results at different acclimation temperatures (Factor A), acclimated vs. acute
experiments (Factor B) and TSS flux (factor C) revealed statistically significant results
for the acute vs. acclimated trials factor only (Fig. 21), and no significant three-way or
two-way interactions. Specifically, acclimation temperature (F1,22 = 0.351, p = 0.55) did
not have significant effects on SFG. Mussel SFG was 0.45 J g-1 h-1 higher in acclimation
trials compared to acute trials, and this result was significant (F1,22 = 15.378, p < 0.001).
TSS flux (F1,22 = 0.42, p = 0.37) did not have significant effects on SFG. All two-way
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interactions of: 1) Acclimation temperature × acute vs. acclimated trials (F1,22 = 0.02, p =
0.97); 2) acclimation temperature × TSS flux (F1,22 = 0.47, p = 0.50), and; 3) acute vs.
acclimated trials × TSS flux (F1,22 = 2.59, p = 0.12) were not statistically significant, nor
was the three-way acclimation temperature × acute vs. acclimated trials × TSS flux
interaction (F1,22 = 1.27, p = 0.27).

A

B

1.2
1

(J g-1 h-1)

Scope For Growth

1.4

0.8

150 mg m-2 s-1

0.6

500 mg m-2 s-1

0.4
0.2
0
12.5°C

27.5°C

Acclimated Trials

12.5°C

27.5°C

Acute Trials

Figure 21. Bar graph showing the scope for growth (SFG; J g-1 h-1) of L. siliquoidea
acclimated to either 12.5 or 27.5 °C at two levels of TSS flux (150 and 500 mg m-2 s-1)
(mean ± SEM). Acclimated trial indicates that mussels were kept at 12.5 or 27.5 °C and
then tested at that same respective temperature, while acute trial indicates that mussels
were kept at 12.5 or 27.5 °C and then tested at 20°C. Significant differences are
represented using uppercase letters found from the ANOVA model.
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DISCUSSION
Freshwater mussels are ectothermic suspension feeders that are found at or below the
riverbed, where they rely on the hydrodynamic environment to acquire resources that
are vital for basic functions such as feeding and respiration (Strayer, 1999; Spooner and
Vaughn, 2008). A number of environmental stressors are, however, known to affect
these basic functions in unionids (Vaughn and Hakenkamp, 2001). This is based on
laboratory flow chamber studies (Vanden Byllaardt and Ackerman, 2014; Mistry and
Ackerman, 2017; Tuttle-Raycraft et al., 2017), respirometry studies (Chen et al., 2001;
Spooner and Vaughn, 2008; Ganser et al., 2015), as well as in situ mesocosm
experiments (Vaughn et al., 2004; Spooner and Vaughn, 2006). The results from the
present study demonstrate that simultaneous exposure to multiple stressors can have
complex effects on both unionid feeding and respiration, and in turn, alter the scope for
growth. Based on these results, a particularly troublesome scenario for freshwater
mussels would occur if there was an increase in summer water temperatures combined
with either: a low-velocity (below baseline), high-TSS event caused by a disturbance to
the riparian zone during a drought, or; a high-velocity (≥ 25 cm s-1) and high-TSS (> 10
mg L-1) event caused by a storm. In these cases, CR and OC responses might
decrease such that metabolic processes would be constrained, resulting in low growth
and reproduction at that time of year. Whereas the levels of the stressors were within
the normal ecological range, the results of this study can provide important information
about seasonal changes and how they affect mussels. Of the three stressors examined,
the most influential was acclimation temperature, as shown by its role in intensifying the
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effects of the other two stressors on both feeding and respiration. So sudden changes in
water temperature (i.e., acute temperature effects) such as storm events or sudden
release from a dam could have larger consequences. A worst-case scenario would
involve a sudden spike or drop in temperature during a storm event in the summer
months, where flows and TSS would suddenly spike at a time when temperature is
already a constraint on mussel feeding and respiration. This scenario would most likely
present itself in July or August for the Thames River when air temperatures are 27°C (±
0.33) on average (Environment Climate Change Canada, 2019).
The results from the split-split-plot experiments support the hypothesis that CR is
mediated by the unique metabolic demands of different acclimation temperatures.
Specifically, the interactive effects between velocity and TSS varied with acclimation
temperature. First, CR declined with TSS at all velocity levels at both 20 and 27.5 °C,
however the decline in CR at higher TSS levels was reduced at lower temperature
(12.5°C). Second, CR decline was steeper under increased TSS at 25 cm s-1 compared
to 15 cm s-1, in both the 20 and 27.5 °C treatments, but not the 12.5°C treatment. Third,
whereas OC initially declined with increased TSS concentration in pooled conditions, it
increased at higher TSS (>10 mg L-1) in both the 12.5 and 20 °C treatments. The
pattern at 27.5°C was, however, different with a steeper decline in OC in the 15 cm s-1
velocity before reaching a plateau under the highest TSS concentration. These results
support the prediction that the responses of CR and OC to velocity and TSS
concentration vary seasonally as water temperatures change from 12.5 °C to 20 °C to
27.5 °C.
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Water velocity is critical in the feeding and respiration of bivalves (Strayer, 2008;
Haag, 2012; Ackerman 2014). The ciliary pumping of the gills brings organic and
inorganic particles into the inhalant aperture of the mussel (Cranford, 2011). From there
the animal removes and processes those particles and the used water is released
through the exhalant aperture. The CR found under no-flow control conditions (zeroflow/20°C/zero-TSS) in the present study are similar to those found by other L.
siliquoidea feeding studies under static conditions. For instance, Mistry and Ackerman
(2018) reported that L. siliquoidea (SL = 11.15 ± 0.83 cm) cleared natural river seston at
0.40 L mussel-1 h-1, which is comparable to the results of this study (0.22 ± 0.03 L
mussel-1 h-1). Previous studies have found a positive effect of increased velocity on
mussel CR, that is until threshold is reached and CR begins to decline (Wildish et al.,
1987; Ackerman, 1999; Mistry and Ackerman, 2018). This decline may be attributed to a
type II functional feeding response, in which the flux of material saturates feeding, and
then further increases in material flux result in increased particle processing times
including the time/energy to remove excess particles on gill surfaces analogous to the
effect of high TSS concentrations (Tuttle-Raycraft and Ackerman, 2019). It is also
possible for relatively high velocity to cause instabilities in pressure and/or physical
forces present at the inhalant and exhalant apertures that lead to a reduction or
cessation in feeding (Ackerman, 1999; Vanden Byllaardt and Ackerman, 2014). The
results of the present study support these ideas, in which CR increased by 85% from 0
to 15 cm s-1, but then declined by 25% from 15 to 25 cm s-1. In addition, the significant
increase in OC with velocity may be attributed to higher velocities requiring additional
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energy for gill surface cleaning, resulting in additional food intake, however this is not
well-studied (Cahalan et al., 1989).
As ectotherms, the metabolic processes and performance of bivalves generally
increase with temperature, affecting feeding and respiration in a multitude of ways
(Spooner and Vaughn, 2008; Galbraith et al., 2012; Ganser et al., 2015). The OC found
under control conditions (low [15 cm s-1]-velocity/20°C/zero-TSS) in the present study
are similar to those found for other congeneric mussels in which respiration was
measured in static conditions. For example, Spooner and Vaughn (2008) and Ganser et
al. (2015) reported L. cardium to consume 0.015 and 0.01 mg O2 g-1 h-1, respectively,
which is comparable to the results of this study (0.013 ± 0.005 mg O2 g-1 h-1). It is
important to note that OC rates measured using respirometry methods were different
from those measured using the InEx method (1.61 ± 0.17 mg O2 g-1 h-1), but OC was
comparable with other unionid studies using respirometry, such as Tankersley and
Dimock (1993) (mean OC = 1.28 mg O2 g-1 h-1 in Pyganodon cataracta males [SL =
13.5 cm]). Similarly, previous comparative studies have found respiration rates
calculated by the InEx method (OC = 9.32 µmol g-1 h-1 in Cliona delitrix; Ludeman et al.,
2017) to be lower than those calculated by standard respirometry (OC = 360 µmol g-1 h1

in Cliona delitrix; Riisgård and Larson, 1995), although these comparisons are few.

The observed differences between OC rates using InEx vs. respirometry methods may
be attributed to the different volumes of the experimental chambers as well as the
increased variability associated with the InEx method.
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A number of studies have shown that the increase of OC with temperature is
similar to that of CR, however OC declined relatively little or reached a plateau when it
exceeded the limits of thermal tolerance (Spooner and Vaughn, 2008; Ganser et al.,
2015). This decline may occur due to the metabolic cost becoming energetically
unsustainable with the rising temperature (Galbraith et al., 2020). The results of the
present study are consistent with this pattern, in which OC increased significantly from
12.5 to 20 °C, but did not change from 20 to 27.5 °C. This pattern suggests that L.
siliquoidea is a thermally sensitive species (sensu Spooner and Vaughn 2008), which
they associated with the congener Lampsilis cardium. In other words, OC increased
with temperature to accommodate higher energetic demands, but could not continue to
match the increasing demands as the temperature continued to climb (Spooner and
Vaughn, 2008; Ganser et al., 2015). Future study should determine the critical thermal
maximum (CTmax), that is the point of behavioural incapacitation, of unionids at different
acclimation temperatures (Galbraith et al., 2012). CTmax, which is typically studied in fish
using loss of equilibrium as the behavioural endpoint, can be done in unionids by
measuring valve gaping behaviour, but this measure is reliant upon closed-chamber
respirometry and behavioural markers. Both of the latter are relatively understudied in
unionids, and beyond the scope of the present study (Galbraith et al., 2012). Another
avenue of thermal stress research includes the measurement of heart rate (HR) as a
physiological endpoint (Pandolfo et al., 2009). However, HR has not been measured as
extensively as CR or OC outside of thermal stress studies, limiting its comparison with
other stressors, and was thus excluded from the present study. While upper thermal
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limits of unionids are of interest, these were not visited in the present study in order to
reduce any risk of fatality.
Previous studies have found that increased temperature (from 5 to 25 °C) led to
increased CR in L. cardium, that is up until a certain temperature (between 25 and 35
°C), at which point CR dropped (Spooner and Vaughn, 2008). This pattern was
observed in the results of this study when CR increased by 30% from 12.5 to 20 °C,
then decreased by about 15% from 20 to 27.5 °C. Since the cilia and surrounding water
around the gills of the mussel are dominated by viscous forces, the observed decline of
CR at higher temperatures may be attributed to the resultant low water viscosity,
constraining water pumping and feeding (Jorgensen et al., 1990; Podolsky, 1994;
Cranford et al., 2011).
The effects of TSS concentration on mussel feeding and respiration are complex.
Tuttle-Raycraft et al. (2017) found that CR decreased non-linearly under TSS from 0 –
100 mg L-1 in L. siliquoidea (SL = 11.0 ± 0.16 cm). The results of the current study
support this result, as TSS decreased CR significantly from 0 to 10 mg L-1, and
remained similar in magnitude from 10 to 20 mg L-1. Additionally, CR was at its
maximum at zero TSS, supporting the prediction that CR would be higher when TSS is
lowest. Unfortunately, turbidity-related OC studies with freshwater mussels are limited,
since most OC studies focus mainly on temperature and hypoxia stressors rather than
TSS (e.g., Chen et al., 2001; Spooner and Vaughn, 2008; Galbraith et al., 2012; Ganser
et al., 2015), and so a direct comparison of OC magnitudes was not possible. Instead,
the observed patterns of similar TSS levels on mussel OC were examined. For
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example, Alexander et al.’s (1994) TSS (bentonite clay) exposure study with zebra
mussels (SL = 1.40 ± 0.10 cm) found that increased TSS resulted in decreased OC
rates. The same trend was found by Aldridge et al. (1987), with three freshwater mussel
species, Pimpleback, Gulf pigtoe and Mississippi pigtoe (Cyclonaias pustulosa,
Fusconaia cerina and Pleurobema beadleianum, respectively) that were exposed to
TSS coupled with intermittent water turbulence. The results of the present study, in
which OC decreased from 0-10 mg L-1, are consistent with those studies. This decrease
in OC can be explained by the response of ectotherms to reduce metabolic rates when
food availability is reduced (Prosser, 1973; Aldridge et al., 1987). The present study,
however, also found that OC rates increased with TSS from 10-20 mg L-1, which was
not expected. A possible mechanism to explain this could be that mussel metabolism
was stressed by increased TSS such that respiration had to be increased by the animal
in order to maintain basic function. This unexpected result should be investigated further
by studying OC under increased TSS in other unionid species. Since OC rates
increased under relatively high TSS (20 mg L-1) and velocity (25 cm s-1) while CR
decreased, it would be reasonable to suggest that the CR response may be more
sensitive to TSS concentration and velocity than the OC response.

Multistressor Effects
Multistressors can be intricately related and one stressor may act differently depending
on the condition of another (Ormerod et al., 2010). The determination of multiplicative
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and additive effects is a tool for distinguishing the relative importance of each stressor
at a given temperature. This was found to be the case for mussels feeding at different
temperatures, in which the relative effect of each stressor changed with acclimation
temperature. For example, at 12.5°C the individual effects were lower than the pooled
effects of temperature and TSS concentration, suggesting that at colder temperatures
the stressors acted synergistically (i.e., ≥ than multiplicative effects) to reduce CR, but
feeding was affected most by low temperature (12.5°C), i.e., the effects of velocity and
TSS concentration were relatively weaker in comparison. In comparison, TSS and
velocity had larger effects on CR at room temperature than acclimation temperature;
velocity had the largest effect on mussel feeding. Finally, TSS had the largest effect at
high temperatures (27.5°C) in which the reduction in CR at high velocity was
ameliorated with higher TSS. This may have occurred because high velocities keep
inorganic sediments suspended for longer, so more food particles would have been able
to reach the mussel at these high TSS/velocity levels. Temperature also played a
relatively large role in its influence on CR, with a stronger change with velocity
compared to pooled effects, indicating a strong temperature-specific effect at low TSS.
Thus, with every acclimation temperature, the three stressors had varying levels
of influence on mussel feeding. Whereas it is difficult to generalize based on the results,
the most influential stressor in this study would likely be temperature, since the lowest
CR was observed at 12.5°C, and temperature was the primary stressor as it intensified
the effects of the other two stressors. Moreover, the observed low CR at 27.5°C
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indicates the effect of TSS to be stronger at this acclimation temperature, as evident by
the relatively larger decline of CR with TSS.

Temporal Effects
Freshwater mussels in temperate areas primarily grow between Spring and early Fall,
with very little growth occurring in the colder winter months (Haag, 2012). CR and SFG
both peaked at 20°C, at moderate velocity (15 cm s-1) and no TSS conditions (1.97 L
mussel-1 h-1 and 1.27 J g-1 h-1, respectively). However, the observed positive effects of
20°C on CR and SFG suggest that the effects of TSS and velocity are more influential
on feeding at this temperature compared to higher or lower acclimation temperatures. It
is, therefore, reasonable to suggest that mussel feeding and subsequent growth is most
optimal at: mid-temperature (20°C), moderate velocity (15 cm s-1), and low turbidity (0
mg L-1 TSS). Feeding may be greatest at these conditions because (1) the mussel is
functioning within physiological limits, i.e., no thermal stress; (2) the flow of water is
transporting food particles to the mussel but not so fast that it interferes with food
processing, and; (3) there are few inorganic particles that would disrupt food particle
acquisition and processing (Prosser, 1973; Vanden Byllaardt and Ackerman, 2014;
Zhang et al., 2015; Tuttle-Raycraft et al., 2017). These conditions are most common in
the months of June and September, when flow and sedimentation are not high from ice
melt or storm events (average precipitation and discharge of 1.6 mm and 7.35 m3 s-1 in
the Thames River, respectively), and temperatures are usually between 19-24°C, with
few sudden climatic disturbances (i.e., floods or droughts) (Upper Thames River
61

Conservation Authority provisional data, 2019). The months extending from late Spring
until early Fall are therefore most important for mussel growth, with the possible
exception of July and August when temperatures are too high.
In contrast, CR was at its lowest in colder (12.5°C), no-flow and high TSS (both
10 and 20 mg L-1) conditions (< 0.01 L mussel-1 h-1). Similarly, OC was lowest at these
colder temperatures, and in moderate velocity (15 cm s-1) and high-TSS (10 mg L-1)
conditions (< 0.004 mg O2 g-1 h-1). Additionally, there were fewer antagonistic effects
stemming from high velocities and TSS at this colder temperature, suggesting that the
latter stressors do not play as large of a role on mussel stress at this temperature
compared to 20°C. In other words, the other stressors (velocity and TSS) have a greater
effect on mussel feeding and respiration at higher temperatures. Thus, metabolic
function (based on feeding and respiration rates) and related growth are constrained
from late Fall to early Spring, when temperatures vary widely but remain below 10°C on
average (The Thames River Watershed, 1998).
Similar to the effects of low temperature, CR and OC were both constrained at
hotter (27.5°C), moderate velocity and high TSS (both 10 and 20 mg L-1) conditions (<
0.36 L mussel-1 h-1 and < 0.008 mg O2 g-1 h-1, respectively). SFG was lowest at these
conditions (0.347 J g-1 h-1) as well, with the exception of high velocity (25 cm s-1) in
which SFG approached zero, a value that would indicate zero growth. Consequently, a
particularly troublesome scenario for freshwater mussels would involve an increase in
summer water temperatures combined with either a low-velocity (close to baseline) or
very high velocity (≥ 25 cm s-1) condition and high TSS load (> 10 mg L-1), as seen in
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drought or storm events, respectively. For example, in 2019 air temperature at the
Thames River peaked in early- to mid-July (30-32°C), while storm events caused spikes
in precipitation (from 0 to 30 mm/day) and subsequent water discharge in mid-July,
presenting such a scenario (Environment Canada Provisional Data, 2019). High
summer temperatures and their accompanying flow regimes thus present a challenge to
mussel ecophysiology and growth.
Besides the relatively steady increase in temperature throughout the summer
season, sudden thermal disturbances may also occur, most commonly as a result of
urbanization and/or climate change (Döll and Zhang, 2010; Archambault et al., 2013). In
July and August 2019, when average air temperature was about 27°C, several intense
rain events (> 30 mm) occurred, with subsequent increases in discharge and TSS
concentration (Upper Thames River Conservation Authority provisional data, 2019).
With such high temperatures, the fluctuations in temperature associated with storm
events (increased turbidity and higher velocities) would have negative effects on mussel
feeding and SFG, as found in the drop in CR in acute temperature trials in the present
study. Additionally, sudden high flow events would result in increased TSS levels, and
OC and overall metabolic rates would increase in an attempt to compensate, meaning
mussels would be working harder to attain food while simultaneously not receiving
enough food to continue to grow. A subsequent worst-case scenario would involve a
sudden spike or drop in temperature during a storm event in the summer months, where
velocity and TSS would suddenly spike at a time when temperature is already a
constraint on mussel function.
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Climate change is projected to increase global temperature by 1.5-2.0°C above
pre-industrial levels by the year 2050 (Millenium Ecosystem Assessment, 2005). On top
of the change in temperature is the expected increased precipitation and variability in
flow regimes, meaning that velocities will fluctuate more dramatically, winter ice melt will
occur earlier, discharge will reach a peak by as much as one month later in the year,
and summer baseflows will last longer (Millenium Ecosystem Assessment, 2005; Döll
and Zhang, 2010). With sediment linked to these two aforementioned factors, it is also
expected that TSS loads will increase to higher concentrations (Brim Box and Mossa,
1999; Döll and Zhang, 2010; Haag, 2012). The consequences of climate change, ie.,
the increase in annual temperature and precipitation combined with the increased
frequency of extreme events (i.e., intense storm, flood and/or drought events) will
inevitably intensify the effects of the stressors and ultimately reduce unionid growth and
reproduction.

Preserving Unionid Habitat
Though the compounding effects of multistressors may seem dire, it is important to
recognize that freshwater mussels respond to stressors in a variety of ways over a
variety of spatial and temporal scales. For example, while the exposure to one or more
stressors may lead a mussel to alter their feeding and/or respiration, it may also cause a
behavioural response, for example burrowing or altering hall activity (frequency of valve
opening and closing), which may improve immediate conditions and temporarily
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minimize the effects of a stressor (Archambault et al., 2013; Lummer et al., 2016). At
large spatial scales, physical habitat influences mussel distribution and abundance in
several ways (Haag, 2012). Since adult mussels are mostly sedentary, they are limited
to the area surrounding their excystment as juveniles and areas downstream (Haag,
2012; Lum, 2020). Over time, they accumulate in large numbers in favourable habitats
and remain absent in others considered unfavourable (Haag, 2012). For example, many
species are found in the lentic parts of rivers, mainly pools and other depositional areas
(Haag, 2012). In turn, L. siliquoidea are primarily found in mud and silt areas of a low
turbidity/low velocity river reach where temperatures are within physiological limits. Here
they rely on bed stability, adequate water flow and wide channels, among other factors,
for ideal growth and reproduction (Strayer, 2008; Haag, 2012). It is crucial that these
areas remain hospitable to mussels, even during high flow periods when beds get
scoured and turbidity increases, or during droughts when temperatures rise and flows
are reduced. The stressors present in these habitats may thus have a substantial
influence not only on small-scale ecophysiological or behavioural responses, but also
on the general mussel populations occupying these habitats (Haag, 2012).

Implications for Mussel Conservation
The results of this study indicate the negative effects that multiple stressors have on the
ecophysiological functions, and the subsequent effects on scope for growth, of unionids.
Multiple stressors present a particularly greater threat to freshwater systems and their
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inhabitants compared to other systems because freshwater systems are highly effective
at compounding the effects of all stressors present (Ormerod et al., 2010). This means
that freshwater systems are particularly vulnerable to the effects brought on by
chemical, biological, physical and climatic stressors (Ormerod et al., 2010). For unionid
mussels in a river, urbanization, damming, riparian clearing, exploitation, invasive
species, and many other human-induced changes all contribute to ecological and
physiological stress (Donohue and Molinos, 2009; Ormerod et al., 2010; Galbraith et al.,
2012). Further exacerbating this is climate change, with river water temperatures
expected to rise and precipitation events expected to increase in intensity and
frequency (Döll and Zhang, 2010; Galbraith et al., 2012; Ganser et al., 2015). The vital
ecosystem services that unionids provide to freshwater systems are greatest when they
experience suitable water temperature and velocity conditions (Haag, 2012). The
changes brought on by these multistressors thus have cascading impacts on mussel
populations and the community of benthic organisms in which they belong. The need to
understand multistressor effects is critical, with nearly 70% of North American
freshwater mussel species listed under SARA (Cope et al., 2008).
This study investigated a common species, L. siliquoidea, because of the ability
to acquire a large sample size and relative ease in comparing results with other studies.
The present study found that the feeding and respiration of L. siliquoidea are at their
greatest in relatively mid-temperature (20°C), mid-velocity and zero/low turbidity
situations, which would represent times of the year like late Spring/early Summer as
well as Fall, when mussels are growing as well as preparing for reproduction. In
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contrast, relatively higher temperatures and TSS loads of 27.5°C and 10 mg L -1,
respectively, resulted in lower feeding, respiration, and scope for growth. The relative
importance of each stressor varied with acclimation temperature, in which velocity was
the primary stressor at room temperature (20°C), whereas temperature was the most
influential stressor above or below 20°C. In addition, sudden changes in temperature
had significant effects on feeding and scope for growth specifically, with exposure to
relatively high TSS flux acting as a second stressor and further reducing growth.
Understanding the relative importance of each stressor and how they change
throughout a season aids in distinguishing critical habitat, that is the habitat that is
necessary for the survival and recovery of a SAR (Fisheries and Oceans Canada
Species at Risk Public Registry, 2018). These results should inform policymakers and
aid in the formulation of protection guidelines, regulations and recovery plans for SAR
mussels.
Although it is critical to understand the effects of the stressors examined in this
study, mussels live in a dynamic environment where one factor may affect a dozen
others and the results of the resultant interactions are complex. Whereas the results of
the present study elucidate the complex effects of three critical stressors on mussel
ecophysiology, future research may want to consider the effects of additional cooccurring stressors, most notably the effects of oxygen (O2) concentration and nutrient
loading. For example, temperature is intricately related to O2 concentration, and while
O2 concentration was not manipulated in this study, it may be helpful to understand any
effects occurring alongside other stressors. This example illustrates just some of the
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ways that different stressors are related and co-occur. Thus, continued focus on
multistressor relationships would help to understand the dynamic environment that
freshwater mussels inhabit.

CONCLUSION
The three stressors examined (temperature, velocity and TSS concentration) had
complex interactive effects on unionid feeding, respiration and scope for growth. The
primary stressor affecting ecophysiological activities changed depending on acclimation
temperature, which answered the original research question, namely whether the
effects of velocity and TSS would be similar as temperatures changed. For example, at
12.5°C, the effect of temperature increase on feeding was stronger than effects of
velocity or TSS, whereas at 20°C, the opposite was found. Finally, the effects of TSS
concentration on CR were strongest at the high temperature of 27.5°C. These different
effects of each stressor at a given temperature supported the original hypothesis that
any physiological constraints associated with TSS flux were mediated by the metabolic
demands of different temperatures. Amidst the intensification of these stressors, acute
changes in temperature of 7.5°C resulted in significant effects on mussel feeding,
respiration and scope for growth. Overall, a worst-case scenario would involve a
summer season where temperatures and TSS loads are above-average, and water
velocities are either below- or above- average, with increased frequency of storm, flood,
or drought events. These situations, which are unfortunately becoming more common
through the consequences of climate change, would describe the worst possible effects
68

on freshwater mussel feeding, respiration and scope for growth. This makes it
imperative that protection plans account for these potential scenarios and protect
unionid habitat so as to preserve not only species at risk, but also the freshwater
systems they inhabit.
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