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INTRODUCTION

Bivalves provide important economic and ecosys-
tem services that are threatened by rising seawater
temperatures. Bivalves improve water clarity, trans-
fer organic and inorganic matter to the benthos, and
alter phytoplankton community structure (Newell
2004). In addition, their value as seafood provides job
opportunities and food security. However, warming
temperatures may impact these economic and eco-
system services by altering bivalve growth and sur-
vival. Warming temperatures can reduce the alloca-
tion of energy for growth (Talmage & Gobler 2011,
Mackenzie et al. 2014), lowering the probability of
survival to reproductive age and increasing mortal-
ity. Bivalve resilience depends on the ability to accli-
mate to ocean warming (Widdows & Bayne 1971), but

acclimation is complex and can involve a variety of
responses within a single species. For example, mus-
sels do not acclimate their heart rates but are able to
acclimate their respiration rates and growth efficien-
cies to a finite range of temperatures (Widdows 1973).
Rising temperatures impact multiple aspects of bivalve
physiology, and some interactions among these effects
remain poorly understood.

Bivalves’ ability to gain energy is altered by temper-
ature through its direct and indirect effects on meta -
bolism and suspension feeding (Bayne et al. 1989).
Higher temperatures reduce the concentration of dis-
solved oxygen in seawater (Weiss 1970) while gen -
erally raising the standard metabolic rate (Gillooly et
al. 2001), making it more difficult to meet metabolic
demands. Bivalves may compensate by pumping wa-
ter faster to acquire more oxygen and food (Hamwi &
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Haskin 1969, Paganini et al. 2010). At a given seston
concentration, respiration and ingestion rates peak at
an intermediate, optimum temperature (Hamwi 1969,
Thompson & Bayne 1972, Hofmann et al. 2006). At
temperature extremes, it be comes more difficult to
meet metabolic demands, particularly if food concen-
trations are low, and bi valves may reduce pumping
rates or pump discontinuously to limit their metabolic
costs (Thompson & Bayne 1972, Bayne 1973). Al-
though bivalves can acquire more oxygen and food
by pumping faster, doing so may also carry higher
 activity costs depending on the mechanism that links
temperature to pumping rate.

Bivalves draw water into their mantle cavities, both
to filter food and to absorb oxygen, using gill cilia
operating at a Reynolds number of Re <<1 (Jørgensen
1983). At Re <1, motion is dominated by viscous
rather than inertial forces (Purcell 1977), and ciliary
movement is opposed by a viscous drag force propor-
tional to kinematic viscosity, which is lower at higher
temperatures. Lower viscosity often leads to greater
ciliary activity (Jørgensen et al. 1990, Podolsky 1994,
Riisgård & Larsen 2007, Larsen et al. 2008), either
through a mechanical or physiological response. At a
given seston concentration, mussels Mytilus edulis
have higher ciliary beat rates and clearance rates in
warmer seawater; altered-viscosity experiments sug-
gest that higher temperatures reduce viscous drag on
the cilia, increasing the ciliary beat rate via fluid
mechanical effects (Riisgård & Larsen 2007). Alterna-
tively, bivalves could increase their ciliary beat rate
as a physiological response to the higher metabolic
costs or lower dissolved oxygen concentrations asso-
ciated with warmer temperatures. Either a mechani-
cal or physiological increase in ciliary beat rate
would increase food ingestion rates, but a physio lo gi -
cal response would likely carry higher metabolic
costs of ciliary activity. Thus, the mechanism control-
ling ciliary beat rate could affect bivalves’ ability to
offset the metabolic impacts of higher temperatures
through increased ingestion.

Temperature and viscosity effects on suspension
feeding have been examined for one bivalve species
but may vary among species or habitats. The viscos-
ity-driven suspension-feeding dynamics of M. edulis
may not be generalizable to other bivalves because
species vary in their morphology, behavior, habitat,
and physiology. For example, mussels and clams dif-
fer in the structure of their gills (Atkins 1937) and in
morphology of the labial palps used to sort particles
(Kiørboe & Møhlenberg 1981). Cilia size can also
influence suspension feeding, and bivalves with
larger laterofrontal cirri have greater particle reten-

tion efficiency (Riisgård 1988). High seston concen-
trations negatively affect clearance rates of clams,
cockles, and scallops, but not of mussels and oysters
(Newell 2004). Oysters also have higher mortality
than clams when exposed to high temperature and
high partial pressure of CO2 (pCO2), possibly due to
their dissimilar adaptations and physiologies (Ivan-
ina et al. 2013). Compared to epifaunal oysters and
scallops, infaunal clams are exposed to, and thus may
be adapted to cope with, more acidic conditions re -
sulting from CO2 buildup in the sediment (Talmage &
Gobler 2011). Hard clams are also less able than M.
edulis to acclimate their feeding rate to temperature
(Hibbert 1977, Widdows 1978). These differences
may lead bivalve species to respond differently to
changing environmental conditions.

In this study, we examined how temperature af -
fects suspension feeding by the hard clam Merce-
naria mercenaria, a commercially important species
on the east coast of the USA, where it originated. M.
mercenaria was abundant off the coast of New Jersey
until the 1980s, when populations began to decline
(Celestino 2013). Despite harvesting restrictions and
clam spawner sanctuaries, hard clam populations
have not fully rebounded along the New Jersey
coastline. Predictions of clam population dynamics
may be improved by a better understanding of how
temperature affects hard clam feeding physiology
and mechanics. We conducted experiments on M.
mercenaria, altering seawater temperature and vis-
cosity separately to identify the main mechanism —
physiology or biomechanics — by which temperature
affects suspension feeding. This study provides
insights on how M. mercenaria ingestion will be
affected by a warming climate.

MATERIALS AND METHODS

Clams

Small Mercenaria mercenaria (~2.0 cm shell length)
were obtained in 2015 from a commercial hatchery in
Atlantic City, NJ, where monthly-averaged seawater
temperatures range from 2.7 to 27.5°C (data accessed
from the NOAA National Estuarine Research Reserve
System Centralized Data Management Office website:
www. nerrsdata. org [accessed February 2017]). Clams
were ob tained in August for viscosity experiments
and in August and September for temperature experi-
ments. Clams were maintained in upweller baskets in
10 l buckets of 1 μm-filtered seawater with salinity
ranging from 32 to 35 Sp (practical salinity) and held at
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20°C for temperature and ciliary beat rate experi-
ments. Clams were held at 23.5°C for viscosity experi-
ments so that viscosity could be increased artificially
to temperature equivalents of 20, 16, 12, 8.5, and 5°C.
Holding buckets were aerated, but experimental
chambers were not aerated to prevent aggregation
of algal cells by bubbles, which could cause errors in
measured algal concentrations. The clams were fed
daily with preserved Isochrysis galbana (Reed Mari-
culture; 105 cells ml–1) but were starved 2 d prior to the
ingestion rate experiments to promote feeding. During
experiments, clams were fed live I. galbana (T-Iso).

Feeding rates

We quantified clam suspension feeding using
clearance and ingestion rates. Clearance rate is the
volume of water cleared of particles per time (Cough-
lan 1969) and is equivalent to pumping rate when
cleared particles are captured with 100% efficiency
(Grizzle et al. 2001). We used algal food in the size
range where M. mercenaria capture particles at
about 100% efficiency (Riisgård 1988), so we quanti-
fied clearance rate assuming that it was equivalent to
pumping rate. Ingestion rate is the number of parti-
cles ingested per time and is equivalent to filtration
rate when no pseudofeces are produced (Hawkins et
al. 1998, Grizzle et al. 2001). We observed little pro-
duction of visible particulates, and pseudofeces pro-
duction is generally low in the absence of sediment
(Bricelj & Malouf 1984), so we quantified ingestion
rate assuming that it was equivalent to filtration rate.

We conducted 2 series of experiments to separately
estimate how M. mercenaria ingestion and clearance
rates are affected by temperature and viscosity. Clams
were exposed to 6 temperature-adjusted treatments or
to 6 viscosity-adjusted treatments with viscosities
equivalent to the 6 temperatures (Table 1), and each

treatment was replicated 6 times. In temperature ex-
periments, temperature treatment order was random-
ized to remove ordered effects associated with time in
culture. For each temperature treatment, replicates
were done 3 at a time concurrently with 3 control treat-
ments held at 20°C. Only 1 temperature treatment
could be conducted at a time because only 2 tempera-
ture-controlled rooms were available; one room was
used for experimental treatments, and the other was
used for controls. Temperature controls were used to
ensure that variation in feeding was due to tempera-
ture and not to other factors such as time in culture.
In viscosity experiments, all viscosity treatments were
done simultaneously one replicate at a time.

Experiments were conducted in 2 l chambers of
1 μm-filtered seawater, and each treatment replicate
included 3 chambers with the following conditions: (1)
clams plus algae, (2) clams only, and (3) algae only.
Clams (10 chamber−1) were added 1 h before the start
of each replicate, and algae (mean ± 1 SD concentra-
tion 9.8 ± 0.24 × 104 cells ml−1 live T-Iso) was added at
the start of the replicate. Although these algal concen-
trations are high, the associated mass concentrations
(<1 mg l−1) are much lower than seston concentrations
in estuaries (Berg & Newell 1986). Algae was added
only at the beginning of the experiment, but algal
concentration varied over time due to clam feeding.
On the day before each temperature treatment,
clams, algae, and the 2 l chambers of seawater were
separately adjusted to the appropriate temperature at
a rate of 2°C h−1. It is unlikely that this rate of change
induced a cold shock, because the impact of tempera-
ture on clearance rate in this study was similar to its
impact on pumping rate, a proxy for clearance rate,
in studies where clams were temperature-acclimated
for several days (Hamwi 1969). For the viscosity treat-
ments, all chambers were maintained at 23.5°C. The
viscosity was adjusted to the desired temperature
equivalent (Te) using polyvinyl pyrrolidone (PVP)
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Feeding experiments                                                                    Ciliary beat rate experiments
Temperature-adjusted                          Viscosity-adjusted                                                        Viscosity-adjusted

T (°C)    ν (×10−6 m2 s−1)            Te (°C)       ν (×10−6 m2 s−1)    [PVP] (g l−1)                    Te (°C)      ν (×10−6 m2 s−1)    [PVP] (g l−1)

23.5                0.96                  23.5 ± 0.2        0.97 ± 0.00              0.00                        21.2 ± 0.18       1.02 ± 0.00              0.00
20.0                1.06                  19.7 ± 0.2        1.06 ± 0.00              0.50                        19.2 ± 0.22       1.07 ± 0.01              0.17
16.0                1.17                  15.8 ± 0.2        1.17 ± 0.00              1.15                        14.5 ± 0.24       1.20 ± 0.01              0.97
12.0                1.31                  12.2 ± 0.1        1.29 ± 0.00              1.90                        12.2 ± 0.21       1.28 ± 0.01              1.60
8.5                1.42                  8.3 ± 0.3        1.43 ± 0.01              2.60                        8.6 ± 0.14       1.41 ± 0.01              2.40
5.0                1.60                  5.3 ± 0.2        1.55 ± 0.01              3.35                        4.1 ± 0.32       1.62 ± 0.02              3.00

Table 1. Seawater conditions in feeding and ciliary beat experiments, including temperature (T), kinematic viscosity (ν), and
polyvinylpyrrolidone (PVP) concentrations. Viscosity-adjusted treatments were conducted at 23.5°C for ingestion experiments 

and 21°C for ciliary beat rate experiments. Viscosity was increased to temperature equivalents (Te) using PVP
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(Table 1). Viscosity was not adjusted in the 23.5°C Te

treatments. PVP is commonly used for increasing vis-
cosity in ciliary studies because mixtures are Newton-
ian and non-toxic (Baba & Hiramoto 1970, Podolsky &
Emlet 1993). The low concentrations used here ex -
hibit New tonian be havior over a wide range of hydro-
dynamic conditions (Martinez et al. 2014). The true
viscosities were de termined using a calibrated Can-
non Ubbe lohde viscometer.

To estimate M. mercenaria ingestion and clearance
rates in each experiment, concentrations of T-Iso
were measured initially and then hourly for 4 h using
a Multisizer 3 (Beckman Coulter). At the time of sam-
ple collection, the number of clams with siphons out
was recorded. Clams produced few particulates that
could contain pseudofeces, so ingestion and filtration
rates should be about equivalent. Because different
T-Iso cultures were used, the mean algal cell diame-
ters varied (4.81 μm in temperature experiments and
5.26 μm in viscosity experiments) but were within the
size range where M. mercenaria have a particle cap-
ture efficiency of about 100% (Riisgård 1988), so
clearance and pumping rates should also be about
equivalent. Overall, changing algal concentrations
should accurately reflect ingestion and clearance of
algal particles. Ingestion rate (I) was estimated as:

(1)

where V is the water volume, n is the number of
clams, and A1 and A2 are the algal concentrations at
subsequent sampling times t1 and t2 (Crisp et al.
1985). Clearance rate (C) was estimated as:

(2)

where A0 and At are the algal concentrations at times
0 and t, respectively (Coughlan 1969).

Immediately after each experiment, clams were
weighed and then frozen (−20°C) for later estimates
of dry weights and lengths (Table 2). Shell length,
width and height were measured using calipers. For
dry weights (DW), clam tissue was separated from the
shell, and both parts were dried in an oven at 100°C
for 24 h in pre-weighed aluminum tins. Ash-free dry
weights (AFDW) were measured after ashing in a fur-
nace at 500°C for 5 h. Clam health was determined
using the condition index (CI), calculated as:

(3)

where WT is the AFDW of the tissues and DS is the
DW of the shell (Table 2) (Bricelj et al. 1984).

Ciliary beat rate

To measure ciliary beat rate, live clams were
weighed and measured, and then their gills were ex-
cised and placed on a microscope cover slip in viscos-
ity-adjusted seawater at the room temperature of
21°C (Table 1). Though use of excised gills has limita-
tions compared to observations on intact clams (Ward
et al. 1991), excised-gill observations can still demon-
strate the fluid-mechanical interactions between cilia
and the seawater, and it is the method used pre -
viously to study viscosity responses of M. edulis (Riis-
gård & Larsen 2007). Cilia continued to beat for sev-
eral hours post-dissection, so no stimulants were
added to the gills (Riisgård & Larsen 2007). Lateral
ciliary fields were video-recorded at 40× magnifica-
tion at 250 frames s−1 using a Powerview HS-2000
(TSI incorporated) high-speed video camera con-
nected to a Nikon Eclipse Ti microscope (Video S1 in
the Supplement, image width = 214 μm; www. int-res.
com/ articles/ suppl/  m589p129_ supp/). Six re pli cates
were performed at each of the viscosity-adjusted
temperature equivalents (Table 1). Images were later
analyzed by visually tracking 3 groups of >5 cilia for
1.5 s for each replicate and calculating the time re-
quired to complete a full beat cycle. Ciliary velocities,
needed for Re calculations, were calculated from beat
rates in 40× videos using the assumption that the beat
angle is 180° as in mussels (Aiello &  Sleigh 1972).
Ideally we would have repeated the ciliary beat ob-
servations at different temperatures, but we were un-
able to change the temperature in the  laboratory con-
taining the re quired equipment.

Statistical analyses

To determine whether temperature or viscosity sig-
nificantly affected suspension feeding, we used a
combination of multivariate analysis of variance
(MANOVA), analysis of variance (ANOVA), regres-
sion analysis, and model fitting. MANOVAs were
performed on ingestion rate and clearance rate for
each experiment. ANOVAs were performed on wet
weights for each experiment and on ciliary beat rate
for the viscosity experiment. To quantify environ-
mental effects on suspension feeding, regressions
were done using the observed rates (ingestion rate,
and clearance rate) as dependent variables and tem-
perature, viscosity, or initial algal concentration as
independent variables. Most regressions were done
using first-order linear models, but second-order lin-
ear models were used for rates versus temperature
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because ingestion rate peaks at an optimal tempera-
ture (Hamwi 1969). Clearance rate (C) appeared to
saturate versus algal concentration at warm temper-
atures (≥16°C) and was fitted with a saturating
hyperbola:

(4)

where Cmax is the maximum clearance rate, A is the
algal concentration, and K is the algal concentration
when the clearance rate is half of Cmax. Cmax and K
were estimated by fitting Eq. (4) to the experimental
data using nonlinear regression. Significance levels
for regressions were adjusted using a Bonferroni cor-
rection for multiple comparisons.

We also used the experimental data to fit a model
predicting ingestion rate (I) as a function of initial
algal concentration A0 and temperature T:

(5)

We included a crossed term (A0 × T) because both
temperature and initial algal concentration affect
ingestion rate (Hamwi 1969, Bricelj & Malouf 1984).
We did not include a squared term for algal concen-
tration because the relationship between algal con-
centration and ingestion rate appeared linear. Vis-
cosity did not influence ingestion rate and was omitted
from the model. Parameters (βi) were estimated using
multiple linear regression, and an Anderson-Darling
normality test was used to examine normality of
residuals.

Ciliary mechanics

The Reynolds number was calculated as:

(6)

where l is the cilium length, ω is the ciliary angular
velocity, and ν is the kinematic viscosity (Sleigh &
Blake 1977). M. mercenaria ciliary dimensions were
taken from Eble (2001). Cilia operate at a low Re, and
we used the simplifying assumption that the cilium is
a straight cylinder. The viscous drag force, or the
resistance to forward motion due to opposing viscous
forces, was calculated as:

(7)

where ρ is the seawater density, u is the ciliary veloc-
ity, and r is the ciliary radius (Vogel 1994). Torque at
the base of the cilium was calculated as:

(8)

(Yoneda 1962). These calculations were used to
quantify how viscosity affects the magnitude of force
resisting ciliary movement, which approximates the
per-cilium force required to propel the ciliary beat.

RESULTS

Feeding rate experiments

All suspension feeding metrics generally increased
with and were highly correlated with temperature
but were unaffected by viscosity (Tables 2−4). Inges-
tion and clearance rates increased steadily with tem-
perature but did not vary with viscosity (Fig. 1).
Results are shown per clam and were similar when
evaluated on a wet-weight basis (not shown). Algal
concentration in the algae-only controls decreased
by an average of 4% in temperature treatments and
1% in viscosity treatments, indicating that sedimen-
tation was negligible relative to ingestion. Ingestion
rates were the most variable among temperature
treatments, with a 97.2% difference between the
maximum (at 20°C) and minimum (at 5°C) over the 6
replicates (Table 2). These differences were at least
partly due to apparent inhibition of feeding at cold
temperatures. Clearance rates were lower in viscos-
ity experiments than in temperature experiments,
possibly because the 2 experiments were conducted
at different times using different batches of clams. In
all viscosity treatments and temperature treatments
≥12°C, most clams (>80%) had their siphons out
simultaneously, whereas in cold (≤8.5°C) treatments,
fewer clams (<60%) had their siphons out at any
given time.

We also assessed how ingestion and clearance
rates varied with algal concentration (Table 4, Figs. 1
& 2). During the viscosity and temperature experi-
ments, algal concentration always decreased over
time due to feeding except in some replicates at low
temperatures (≤8.5°C) where feeding was inhibited.
In temperature treatments, the ingestion rate was
positively correlated with algal concentration at
warm temperatures (16, 20, 23.5°C), was positively
correlated with algal concentration but much lower
at cool temperatures (5, 8.5°C), and was not signifi-
cantly correlated with algal concentration at 12°C
(Fig. 2C). The low ingestion rates at cool tempera-
tures were likely due to inhibited feeding below
12°C. The clearance rate was positively correlated
with algal concentration at warm temperatures (16,

C
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20, 23.5°C), was low and uncorrelated with algal con-
centration at cool temperatures (5, 8.5°C), and was
uncorrelated with algal concentration at 12°C
(Fig. 2A). At warm temperatures, the clearance rate
ap  peared to saturate versus algal concentration, and
the reduced clearance at low concentrations suggests

that clams reduced their feeding effort
when little food was available. Clams
also fed in frequently or not at all in cool
temperature treatments, where algal
concentrations remained relatively con-
stant over the course of the experiment.
In viscosity treatments, ingestion rate
in creased significantly with algal con-
centration (Fig. 2D), and clearance rate
decreased significantly with algal con-
centration (Fig. 2B). The linear de -
crease in clearance rate (Fig. 2B) im -
plies that the relationship between
ingestion rate and algal concentration
(Fig. 2D) should be parabolic, but the
parabola would peak at about the max-
imum concentration used in our experi-
ments, so a linear fit is significant within

the data range.  The combined results indicate that as
algal concentration increases clams can pump less
water and still ingest more food.

Clam wet weights were not significantly different
either among temperature treatments or among vis-
cosity treatments (Tables 2 & 3). Although not signif-
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Altered condition  Observed rate       df     df error   Wilks’ λ     F         p

MANOVA                                                                                                 
Temperature         Ingestion rate        5          58          0.191    11.21  <10−4

                               Clearance rate       5          58          0.191    8.66  <10−4

Viscosity                Ingestion rate        5          58          0.684    0.20   0.96
                               Clearance rate       5          58          0.684    0.72   0.30

ANOVA                                                                                                     
Temperature         Wet weight            5           −              −       1.12   0.37

Viscosity                Wet weight            5           −              −       0.36   0.87
                               Ciliary beat rate    5           −                       0.58   0.71

Table 3. Analysis of variance (ANOVA) and multivariate ANOVA (MANOVA)
results. Separate 1-way MANOVA were performed on results (ingestion and
clearance) of temperature and viscosity experiments. One-way ANOVA were
performed on each set of wet weights and ciliary beat rate. p-values in bold

are significant at α = 0.05

Temperature expts (T)                                       5°C               8.5°C              12°C               16°C               20°C             23.5°C

Ingestion rate* (×106 cells h−1 clam−1)        0.47 ± 0.5         2.7 ± 0.7         4.2 ± 0.3         3.8 ± 0.8         5.9 ± 1           3.7 ± 1
Clearance rate* (ml h−1 clam−1)                    4.9 ± 5             27 ± 7          83.0 ± 8           120 ± 18         140 ± 21       120 ± 25
Wet weight (g)                                               2.7 ± 0.6         2.8 ± 0.7         1.2 ± 0.03       2.8 ± 0.7         2.8 ± 0.7       2.7 ± 0.6
Dry tissue weight (mg)                                49.5 ± 7.2       48.4 ± 5.7       25.7 ± 1.1       47.7 ± 6.9       53.4 ± 8.0     51.1 ± 7.6
Ash-free dry weight (mg)                           38.5 ± 5.5       37.8 ± 4.5       19.8 ± 1.0       36.7 ± 5.6       41.2 ± 6.4     37.8 ± 5.7
Length (mm)                                                 19.0 ± 0.4       21.3 ± 0.4       16.6 ± 0.1       20.2 ± 0.5       20.2 ± 0.5     20.0 ± 0.4

                                                                                                                                                                                                    
Viscosity expts                                                                                                                                                                            
(ν) (×10−6 m2 s−1)                                                  1.55                1.43                1.29                1.17                1.06                0.96
(Te)                                                                      5.3°C             8.3° C           12.2° C           15.8° C           19.7° C           23.5° C

Ingestion rate (×106 cells h−1 clam−1)            3.4 ± 0.4         3.5 ± 0.6         3.3 ± 0.5         3.5 ± 0.4         3.6 ± 0.5       3.8 ± 0.4
Clearance rate (ml h−1 clam−1)                    74.8 ± 8          82.0 ± 11        90.8 ± 11        83.9 ± 9          94.4 ± 9         75.6 ± 9
Wet weight (g)                                               2.7 ± 0.1         2.8 ± 0.1         2.8 ± 0.1         2.7 ± 0.1         2.8 ± 0.1       2.7 ± 0.1
Dry weight (mg)                                           52.3 ± 2.1       63.8 ± 2.7       60.1 ± 2.7       48.0 ± 1.5       58.9 ± 1.8     49.3 ± 1.7
Ash-free dry weight (mg)                           38.5 ± 1.3       46.4 ± 1.9       44.3 ± 2.3       37.8 ± 1.6       43.4 ± 1.8     37.3 ± 1.3
Length (mm)                                                 20.3 ± 0.2       20.7 ± 0.2       20.7 ± 0.2       20.4 ± 0.2       20.6 ± 0.2     20.4 ± 0.2

                                                                                                                                                                                                    
Ciliary beat expts                                                                                                                                                                       
(ν) (×10−6 m2 s−1)                                                  1.62                1.41                1.28                 1.2                 1.07                1.02
(Te)                                                                      4.1°C             8.6°C             12.2°C           14.5°C           19.2°C           21.2°C

Ciliary beat rate (beats s−1)                           7.2 ± 0.7         7.8 ± 0.7         7.4 ± 0.6         8.0 ± 0.9         8.8 ± 0.3       7.8 ± 0.8
Wet weight (g)                                               1.4 ± 0.05       1.5 ± 0.04       1.6 ± 0.1         1.5 ± 0.1         1.6 ± 0.1       1.6 ± 0.1
Length (mm)                                                 17.0 ± 0.2       18.0 ± 0.3       17.0 ± 0.2       17.0 ± 0.4       18.0 ± 0.3     18.0 ± 0.3

Table 2. Results for temperature (T) and viscosity experiments (ν) include ingestion rate, clearance rate, clam wet, dry and
ash-free dry weights, and clam lengths, given as means ± 1SE at specified temperatures or temperature equivalents (Te) (N =
36 for rates; N = 60 for clam weights and lengths). Results for ciliary beat rate experiments include beat rate from 40× images,
wet weight, and length at viscosity-adjusted temperature equivalents (N = 36 for rates; N = 36 for ciliary experiment clam 

weights and lengths). *Significant analysis of variance (ANOVA) and multivariate ANOVA (MANOVA) results (Table 3)
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icant, the mean wet weights were ~1.6 g lower at
12°C than in other temperature treatments. The
lower mean wet weights at 12°C may explain anom-
alous ingestion results in those treatments. However,
the condition index indicated that all clams in tem-
perature and viscosity treatments were similarly
healthy, including those in the 12°C treatments. The
condition indices for all experiments ranged from 1.9
to 3.4, with mean ± 1SE of 2.63 ± 0.02.

Ciliary beat rate experiments

For ciliary beat rate experiments, ANOVA results
indicated that neither clam wet weights nor ciliary
beat rates were significantly different among the
6 viscosity treatments (Table 3). Over all treat-
ments, wet weights were 1.73 ± 0.11 g, lengths
were 17.9 ± 0.2 mm, and ciliary beat rates were
7.8 ± 0.3 beats s−1 (Table 2). Beat rates were used
with an assumed beat angle of 180° (Aiello &
Sleigh 1972) to calculate drag forces (see ‘Discus-
sion’). Though we were unable to do controlled
observations of ciliary beat rate at varying temper-
atures, there was one atypically cool day (18°C)
when ciliary beat rates were lower than previously
observed. Those data were omitted because they
could not be replicated. The observations of ciliary
beat provide supporting evidence that Mercenaria
mercenaria were unresponsive to the viscous effects
of temperature.
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Independent variable          Dependent variable               R2                    p                      b0                        b1                     b2

Temperature expts
Temperature                        Ingestion rate                       0.52              <10−4                −5.24 × 106               1.08 × 106           −1.3  × 104

                                              Clearance rate                      0.55              <10−4                −83.4                   13.4                    –

Algal concentration             Ingestion rate:                                                                                                                             
                                              at 16, 20, 23.5°C                 0.86              <10−4            –8.93 × 105                1.3 × 102                −
                                              at 12°C                                0.24               0.015           2.17 × 106                      29.3                    −
                                              at 4, 8°C                              0.28              <10−3           −6.48 × 106                      80.2                    −

                                              Clearance rate:                                                                                                                            
                                              at 16, 20, 23.5°C                                 <10−4 (Cmax)                                                                   
                                              (saturating curve)                 0.98             0.03 (K)          210 (Cmax)            6230 (K)                 −
                                              at 12°C                                0.47                0.31                  90.9              −4.45 × 10−4                    −
                                              at 4, 8°C                              0.13               0.012                −18.7             3.24 × 10−4                    −

Viscosity expts
Viscosity                               Ingestion rate                   4.1 × 10−4           0.91             5.29 × 106                  8.6 × 103                −
                                              Clearance rate                 1.9 × 10−5            1.0                   71.9                    0.028                   −

Algal concentration             Ingestion rate                       0.37              <10−4            6.55 × 105                       49.5                    −
                                              Clearance rate                      0.18              <10−3                 114              −5.89 × 10−4                    −

Table 4. Regression results on a per clam basis. p-values in bold are significant at Bonferroni-corrected α = 0.006 for tempera-
ture treatments and α = 0.01 for viscosity treatments. For saturating curve fit, p-values are provided for individual parameters. 
Cmax: maximum clearance rate; K: algal concentration when the clearance rate is half of Cmax; b0, b1, b2: regression parameters

Fig. 1. Mercenaria mercenaria clearance and ingestion rates
in the first hour, when concentrations were most similar to
starting concentrations, for each of 6 replicates. Results are
for (A,C) temperature-adjusted treatments and (B,D) viscos-
ity-adjusted temperature equivalents (Te). Black lines are
regressions where significant (Table 4). Key indicates (A,C) 

temperatures and (B,D) viscosity-adjusted Te
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Model

Although temperature and algal concentration ap -
peared to have complex effects on feeding, these ef -
fects were well captured by our fitted model (Fig. 3):

(9)

which explained much of the variation in ingestion
rate (R2 = 0.94, p << 10−4) (Fig. 3). The Anderson-
 Darling normality test confirmed that the residuals
of the predicted data were normally distributed
(p = 0.14). This fitted model provides a predictive
tool for estimating the amount of food ingested
across con tinuous gradients of temperature and algal
 concentration.

DISCUSSION

In this study, we found that Mercenaria mercenaria
feeding rates vary with temperature, but not with vis-
cosity alone. Ingestion and clearance rates were pos-
itively correlated with temperature, corroborating
previous findings for M. mercenaria (Hamwi 1969,
Hibbert 1977, Bricelj 1984). Both rates were much
lower at cool temperatures (≤8.5°C) than at high tem-
peratures (≥16°C), probably because feeding was
inhibited below 12°C. Clearance rates provide a
proxy estimate of pumping rate and indicated that
hard clams ingested more food at warmer tempera-
tures by pumping and filtering more water. However,
ingestion, clearance, and ciliary beat rates were

uncorrelated with viscosity, indi-
cating that the in crease in pump-
ing rate with temperature was not
driven by biomechanical effects
on ciliary beating. Instead, feed-
ing responses were likely driven
by the physiological effects of
changing temperature. Warmer
seawater induces higher meta-
bolic rates and holds less dis-
solved oxygen, and hard clams
could compensate for these condi-
tions with higher pumping rates.
Overall, our results suggest that
feeding rates in M. mercenaria are
not controlled by biomechanical
effects of temperature, but rather
by the physiological effects associ-
ated with changes in metabolism
or oxygen demand.

= − + × + ×
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Fig. 2. Mercenaria mercenaria clearance and ingestion rate
versus algal concentration for all samples. Rates shown as
mean ± 1SE over 6 replicates per treatment at each hour of
sampling. Results for (A,C) temperature-adjusted treatments
and (B,D) viscosity-adjusted temperature equivalents (Te).
Warm temperatures (16, 20, 23.5°C; solid lines) and cool tem-
peratures (5, 8.5°C; dashed line) were fitted with separate
linear regressions where significant (Table 4). Key indicates 

(A,C) temperatures and (B,D) viscosity-adjusted Te

Te                                      M. mercenaria M. edulis
                                                           21°C            5 °C             21°C             5°C

Seawater viscosity (×10−6 m2 s−1)     1.026           1.576            1.026           1.576
Seawater density (kg m−3)                1025            1028             1025            1028
Cilia length (m)                             1.0 × 10−5    1.0 × 10−5     1.5 × 10−5      1.5 × 10−5

Cilia width (m)                              8.2 × 10−7    8.2 × 10−7     2.0 × 10−7      2.0 × 10−7

Time per beat (s)                               0.129           0.138            0.043           0.079
Velocity (m s−1)                              4.9 × 10−4      4.6 × 10−4     9.2 × 10−4      5.0 × 10−4

Velocity (rad s−1)                                  49                46                61.2             33.0
Re                                                   4.7 × 10−3      2.9 × 10−3       1.3 × 10−2      4.7 × 10−3

Drag (N)                                        1.9 × 10−11   2.7 × 10−11    2.6 × 10−11   2.1 × 10−11

Torque (Nm)                                 1.9 × 10−16   2.7 × 10−16    1.8 × 10−16   1.5 × 10−16

Table 5. Comparison of lateral ciliary mechanics in Mercenaria mercenaria and
Mytilus edulis at the given temperature equivalents (Te). Includes cilium length
and width, ciliary velocity, Reynolds number (Re), drag coefficient, drag force, and
torque. Values for M. mercenaria calculated using Eqs. (6−8) from gill images
video-recorded at 40×, with ciliary dimensions taken from Eble (2001). Values for
M. edulis from Riisgård & Larsen (2007) and calculated using Eqs. (6−8). Ciliary
beat angle of mussels taken from Aiello & Sleigh (1972) and assumed to be the 

same for clams
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In addition to strong temperature effects, we found
a strong link between feeding rates and algal con-
centration. Ingestion rates increased linearly with
algal concentration, while clearance rates appeared
to saturate. This effect of algal concentration differs
from prior results for juvenile M. mercenaria, where
clearance rate decreased with increasing Pseudo iso -
chrysis paradoxa concentrations (Bricelj & Malouf
1984), but the difference could be explained by the
use of different algal species (Coutteau et al. 1994).
Saturation of the clearance rate suggests that clams
use a constant pumping rate at high algal concentra-
tions but reduce their pumping rates at low algal con-
centrations, possibly because there is insufficient

food to meet the metabolic demand of pumping.
Clams may also reduce their clearance rates at
higher algal concentrations to prevent clogging of
the gills (Bricelj & Malouf 1984) and reduce the frac-
tion of particles lost to pseudofaeces, enabling them
to assimilate more ingested food (Winter 1978).
These compensatory effects interact with tempera-
ture effects on clearance and ingestion, and this
interaction was well captured by our fitted ingestion
model (Eq. 9).

Our viscosity results differ from previous findings
for Mytilus edulis, although the methodology was
generally similar between the 2 studies. M. edulis fil-
tration and ciliary beat rates are driven primarily by
changes in viscosity rather than by temperature itself
(Riisgård & Larsen 2007). Both studies used PVP to
manipulate viscosity and included observations of
ciliary beating on excised gills. For M. edulis, gills
were secured 1 cm deep in 2 cm of seawater and
observed with the microscope objective submerged
(Riisgård & Larsen 2007), whereas for M. mercenaria,
the gill was secured to a slide, immersed in seawater,
and observed on a standard compound microscope.
M. mercenaria cilia beat freely in seawater, and cil-
iary beating was easily observed. The cilia of M. mer-
cenaria beat longer (up to 12 h) after gill excision
than those of M. edulis, and whereas 10−5 M sero-
tonin was added to stimulate the ciliary beating in M.
edulis (Riisgård & Larsen 2007), no serotonin was
required in this study. Although these observational
details differed, the effects of viscosity on ciliary beat
were mirrored in effects of viscosity on clearance
rate, confirming that M. mercenaria and M. edulis
fundamentally differ in their responses to viscosity.

Results suggest that ingestion is controlled by dif-
ferent processes in M. mercenaria than in M. edulis,
but this difference cannot be explained by mechani-
cal forces acting on the cilia. By our estimates, the
drag forces and torque on a beating cilium have sim-
ilar magnitudes in M. mercenaria and in M. edulis
(Table 5) (Riisgård & Larsen 2007). However, M. mer-
cenaria maintains a constant ciliary beat rate, mak-
ing drag and torque proportional to viscosity,
whereas M. edulis reduces its ciliary beat rate with
increasing viscosity, making drag and torque in -
versely proportional to viscosity (Eqs. 6 & 7, Table 5).
As a result, viscosity changes cause drag and torque
on the cilia to vary more in M. mercenaria than in M.
edulis. If the response to viscosity were solely due to
mechanical forces, we would expect M. mercenaria
to respond to viscosity changes with an effect size
similar to or greater than that observed in M. edulis
(Riisgård & Larsen 2007). Yet M. mercenaria’s ciliary
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Fig. 3. Ingestion rates as a function of temperature and initial
algal concentration. (A) Predicted versus observed ingestion
rates, with predicted values given by fitted polynomial model
(Eq. 9). Circle size is proportional to initial algal concentra-
tion. Line is linear regression (R2 = 0.94, p < 10−4). (B) Ingestion
rates predicted by the fitted model (Eq. 9) across gradients 

of temperature and algal concentration
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beat rate did not vary with viscosity, and this lack of
response is puzzling, given that changing viscosity
must alter the mechanics of the ciliary beat (Larsen &
Riisgård 2009, Humphries 2013).

Responses to viscosity change may reflect differ-
ences in how water flows past the gill. Although both
species use metachronal beating of the lateral cilia
(Aiello & Sleigh 1972, Gainey Jr. et al. 1999), they
have different gill structures. M. edulis gills are fili-
branch, with filaments weakly joined by dispersed
ciliary disc junctions (Sunila & Lindström 1985),
whereas M. mercenaria gills are eulamellibranch,
with filaments more tightly joined by continuous tis-
sue junctions (Atkins 1937). These distinct gill struc-
tures result in different flow patterns (Atkins 1937)
that may alter the velocity and drag on beating cilia.
The interfilament canals of M. mercenaria are nar-
rower than those of M. edulis (Jørgensen 1990,
Medler & Silverman 2001), which may result in
higher flow rates in M. mercenaria (Vogel 1994). M.
mercenaria also can contract the interfilamental
canals by 71%, as compared to 25% for M. edulis
(Jørgensen 1990, Medler & Silverman 2001), sug-
gesting that M. mercenaria can exert greater control
over pumping rate without involving the cilia. These
differences in gill structure create the potential for
bivalves to evolve different responses to viscosity
changes.

Our observations suggest that M. mercenaria gill
cilia may operate more like some cilia in vertebrate
respiratory systems, which exhibit a physiological re -
sponse to maintain a constant beat frequency under
variable viscosities (Spungin & Silberberg 1984,
Johnson et al. 1991). The presence or absence of such
a physiological response could explain why ciliary
mechanics vary widely among invertebrates, such
that larvae of some species exhibit strong ciliary re -
sponses to changes in viscosity (Podolsky & Emlet
1993, Bolton & Havenhand 1997), while others are
relatively unresponsive over the same viscosity range
(Rompolas et al. 2010). More remarkably, responses
to viscosity can vary within a single species; in the
protist Paramecium caudatum viscosity changes alter
the beating of locomotive cilia by 75% but of feeding
cilia by only by 18% (Jung et al. 2014). This dramatic
example raises the possibility that 2 bivalves, M. edu -
lis and M. mercenaria, may have evolved cilia whose
beat rate is controlled by different mechanisms.

Responses to viscosity may differ between mussels
and clams due to differences in functional morphol-
ogy or biochemical control of the cilia. Mussels are
adapted to high seston concentrations and are
equipped with enlarged palps that increase particle

sorting ability (Kiørboe & Møhlenberg 1981). Effi-
cient sorting enables mussels to maintain ingestion
rates even at high algal concentration, whereas
clams reduce their ingestion rates at high algal con-
centrations to limit clogging of the filter (Bricelj
1984). Bivalves can also alter valve gape to change
their clearance rate (Frank et al. 2007, MacDonald et
al. 2009), and clams and mussels may alter their
valve gape differently in response to temperature.
Moreover, there is evidence that ciliary beat is under
different neurological control in clams and mussels.
Although both clams and mussels use serotonin and
dopamine to activate and deactivate the lateral cilia
(Carroll & Catapane 2007), respectively, they have
different chemical pathways controlling these reac-
tions. For example, the serotonin receptor 5-hydroxy -
typtamine, stimulates particle transport by frontal
cilia in M. edulis but inhibits the same activity in M.
mercenaria (Gainey Jr. et al. 1999). Differences in
pumping and filtration mechanisms, gape control,
and chemical pathways could contribute to the dis-
tinct reactions to viscosity.

Regardless of the mechanism underlying the dif-
ferent responses of mussels and clams to viscosity,
our results highlight the need for caution in general-
izing suspension-feeding dynamics of one species to
all species in the same taxonomic class. In particu-
lar, differences in ciliary mechanics may affect how
bivalve metabolism varies with temperature. Be -
cause M. edulis respond to temperature primarily
via a mechanical response to viscosity, they could
increase their ciliary beat rate in warmer water at
no added energetic cost for activity. In contrast, M.
mercenaria shows no mechanical response to vis-
cosity, and their apparent physiological response to
temperature would require applying more force to
raise the ciliary beat rate at high temperatures,
likely at a higher energetic cost. This difference in
active metabolism may make M. mercenaria more
sensitive to rising temperatures, and clams may
need to consume more food to compensate for their
increased energy expenditure. Ingestion rate and
metabolic rate are independently altered by tem-
perature, however, and it is unclear if the food
energy gained by higher pumping rates can offset
the combined higher costs of resting and active
metabolism at warmer temperatures. This balance
of energetic gains and costs will determine the tem-
perature range in which bivalves can survive and
grow. We are currently investigating how tempera-
ture influences the complete energetic balance, in
order to better understand climate change effects on
clam growth and survival.
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