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Abstract Biotic interactions can structure ecological commu-
nities and influence ecosystem functioning. As ecosystem en-
gineers and filter feeders, bivalves often have disproportion-
ately large effects on ecosystem functioning. They also utilize
numerous morphological and behavioral responses to reduce
predation, which can include changes in their filtration rates.
To test the response of Crassostrea virginica filtration rates to
the presence of predators, juvenile and adult oysters were
separately exposed to varying types of predation risk from
Callinectes sapidus and Panopeus herbstii in outdoor
mesocosms. Water column chlorophyll a concentrations and
crab behavior were measured over the duration of the exper-
iment. Predation risk had no effect on oyster reef drawdown of
chlorophyll @, which suggests that this important ecosystem
function of oyster reefs is not mediated by behaviorally in-
duced predator effects. Therefore, efforts to model how oyster
predators influence filtration rates and associated ecosystem
services should focus primarily on the factors that influence
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oyster mortality rather than predator effects on oyster
behavior.
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Introduction

Through indirect interactions, predators can influence not only
community structure (Hairston et al. 1960; Paine 1966;
Menge 1995; Grabowski and Kimbro 2005) but also ecosys-
tem functioning (Chapin et al. 1997; Schmitz 2008; Schmitz
et al. 2008). For instance, when in the presence of Carcinus
maenas (green crab) effluent, the trophic efficiency of Nucella
lapillus (dogwhelk) feeding on Semibalanus balanoides
(acorn barnacle) is significantly reduced (Trussell et al.
2006). In this case, the predator induced reduced energy trans-
fer from the basal resource (barnacle) to higher trophic levels.
However, not all predator effects necessarily influence ecosys-
tem functioning. Identifying and quantifying the effects that
are of critical importance to ecosystem functioning are impor-
tant for determining when biotic and physical processes are
integrally coupled and to help inform efforts to manage these
systems (Levin 1992; Kremen 2005).

As ecosystem engineers and filter feeders, bivalves per-
form a wide array of ecosystem functions (Jones et al. 1994,
Grabowski and Peterson 2007). For instance, similar to herbi-
vores, they promote trophic transfer and nutrient cycling.
They also support aquatic-specific functions like enhancing
benthic-pelagic coupling and water clarity. But some species,
such as oysters and mussels, also influence a third suite of
functions by creating habitat, which in turn promotes second-
ary and tertiary productivities and stabilizes sediments by baf-
fling water flow. The vast majority of these functions stem
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directly or indirectly from oysters filtering the water because
this process affects oyster growth and habitat provisioning
(Grabowski and Peterson 2007). Therefore, factors that influ-
ence bivalve filtration are likely to have disproportionately
large effects on the ecosystem functions that they provide.

Predation risk is one factor known to potentially affect
filtration in bivalves (Kulakovskii and Lezin 2002; Smee
and Weissburg 2006; Naddafi et al. 2007). Bivalves employ
awide range of behavioral and morphological responses to the
risk of predation. Generally, induced morphological changes
result in prey organisms that are more challenging for preda-
tors to capture and handle (Elner and Hughes 1978; Hughes
and Seed 1995), and primarily include thicker or stronger
shells and byssal threads (C6té 1995; Reimer and Harms-
Ringdahl 2001; Newell et al. 2007b; Neo and Todd 2011;
Johnson and Smee 2012), or behavioral changes that result
in more cryptic or inaccessible individuals that are less likely
to be identified and caught by predators (Griffiths and
Richardson 2006; Smee and Weissburg 2006).

Bivalves respond to the threat of predation using a variety
of predator avoidance behaviors. For instance, predators in-
duce Macoma balthica (Baltic clam) to burrow deeper, there-
by reducing their risk of being captured. The strength of this
response changes with predator identity and predator diet,
with the strongest response stemming from exposure to crab
predators that have consumed M. balthica (Griffiths and
Richardson 2006). Mussels also modify their behavior when
exposed to predation risk: Mytilus edulis responds to the threat
of lobster predators by aggregating (Coté and Jelnikar 1999),
and Brachidontes variabilis (black mussel) occupies smaller
shelters in the presence of injured conspecifics (Shin et al.
2008). In addition, bivalves alter their filtration rates to avoid
being detected by predators. For instance, M. balthica de-
creases filter feeding when exposed to injured conspecifics
or blue crabs, thereby decreasing the production of its odor
plume (Smee and Weissburg 2006). Furthermore, exposure to
predators induces M. edulis and Dreissena polymorpha (zebra
mussel) to reduce filter feeding (Kulakovskii and Lezin 2002;
Naddafi et al. 2007). Meanwhile, predation risk reduced
D. polymorpha drawdown of phytoplankton biomass by
25% (Naddafi et al. 2007). When predators mediate prey filter
feeding, they indirectly affect linkages between food web dy-
namics and ecosystem processes (Schmitz et al. 2008).

Crassostrea virginica is a reef-forming bivalve and a prom-
inent provider of many ecosystem services such as removing
excess nitrogen, providing habitat for commercially and
recreationally valuable species, and stabilizing shorelines
(Breitburg et al. 2000; Mann 2000; Coen and Luckenbach
2000; Newell et al. 2002; Peterson et al. 2003; Newell et al.
2007a; Piehler and Smyth 2011). C. virginica is capable of
decreasing water column chlorophyll a concentrations by
more than 75% (Dame et al. 1984) and can increase average
denitrification rates two to six times the rate on unstructured

mudflats (Piehler and Smyth 2011). These and other water qual-
ity services have been estimated to contribute as much as half of
the total ecosystem service value provided by C. virginica
(Grabowski et al. 2012). If C. virginica responds in the same
way to predator cues as the similarly conspicuous zebra mussel,
predators could have a dramatic effect on several of the ecosys-
tem functions and associated services that oysters provide.

To investigate the effect that predators have on the filtration
rate of C. virginica, oyster removal of chlorophyll a from the
water column was quantified when oysters were exposed to
varying types of Callinectes sapidus (blue crab) and Panopeus
herbstii (mud crab) predator cue treatments (physical contact
only, chemical cues only, unrestricted blue crab, unrestricted
mud crab, and unrestricted blue crab and mud crab together),
the two dominant oyster predators in this system (O’Connor
etal. 2008; Rindone and Eggleston 2011). The last three treat-
ments involved predators at large in the tanks, thereby expos-
ing the oysters to physical and chemical cues and the threat of
being consumed. By measuring oyster drawdown of phyto-
plankton biomass across two oyster size classes in the pres-
ence and absence of predator cues, this study aimed to quan-
tify the magnitude of consumptive and non-consumptive
predator effects on oyster filtration and consequently their
potential influence on associated ecosystem services.

Methods

Juvenile individual C. virginica (27.8 £ 5.1 mm) were obtain-
ed from the Horn Point Hatchery, MD, and adult C. virginica
were collected from Hoop Hole Creek, NC (91.5 + 11.4 mm).
Adult oysters were separated, scraped clean, and then placed
in a flow-through tank supplied with unfiltered seawater from
Bogue Sound, NC, along with the juvenile oysters. P. herbstii
(35 £ 4 mm) were obtained from intertidal oyster reefs at
Hoop Hole Creek, NC, and C. sapidus (123 £ 12 mm) were
caught in crab pots from Bogue Sound, NC. Individual juve-
nile oysters were obtained in May of 2013 and reared in flow-
through tanks containing raw water from Bogue Sound until
they were used in drawdown experiments. All crabs and adult
oysters were collected in July of 2013 and maintained in flow-
through tanks for at least 24 h before being used in experi-
ments. All species were housed in separate tanks to prevent
predation while acclimatizing. Crabs were fed shucked oysters
ad libitum every other day with a final feeding ending approx-
imately 12 h before the start of a trial. By feeding the crabs on
oyster tissue prior to each experimental run and using relative-
ly small mesocosms, the olfactory presence of the crabs in the
mesocosms was maximized (Weissburg et al. 2014). All or-
ganisms were measured, and the crabs were sexed.

A total of seven treatments were used in this experiment:
predator- and oyster-free (control), oysters with no other pred-
ator or cue manipulation (oyster only), physical manipulation



without chemical cues (physical manipulation), predator
chemical cues without physical manipulation (chemical cues),
unrestricted blue crab (blue crab), unrestricted mud crab (mud
crab), and unrestricted blue crab and mud crab together (blue
and mud crab). The treatment that contained no oysters or
predators served as a control for the natural loss of chlorophyll
a through settling. The oyster only and physical manipulation
treatments contained only oysters, with the manipulation treat-
ment also receiving physical disturbance without predator
chemical cues to simulate tactile predatory stimuli. This was
accomplished by lightly dragging a weighted polyester glove
over all oysters, with manipulation rates determined from
crab-oyster contact rates in preliminary trials. The chemical
cues treatment contained both blue and mud crabs in the same
mesocosm but caged separately for the duration of the exper-
iment. These crabs were caged a minimum of 10 cm from the
oysters, and thus were unable to consume them, so that this
treatment isolated the effects of crab chemical cues on oyster
filtration behavior. The mud crab, blue crab, and mud crab and
blue crab consisted of uncaged crabs in the tank with oysters.
Each treatment was replicated three times for each of the oys-
ter size classes, resulting in a total of 42 individual trials.

Trials were conducted in tanks (90 cm x 90 cm x 22.5 cm)
filled to a uniform depth of 14 cm. Tank bottoms were covered
with a layer of clean oyster shell to provide shelter and a more
natural substrate for the crabs. Oysters were secured to ceram-
ic tiles (11 cm x 11 cm) with Z-Spar Marine Epoxy (Splash
Zone A-788), which were then attached to cement pavers
(15 cm x 15 cm) using silicone glue. This method was used
to mimic how an oyster attaches to an oyster reef and avoid
overestimating either the consumptive or non-consumptive
effects of crab predators on filtration rates. The tiles were
maintained in flow-through tanks while the epoxy cured for
a minimum of 12 h. Crabs were placed in the experimental
tanks approximately 12 h before the start of a trial to saturate
the mesocosms with predator chemical cues. During this pe-
riod, water flow through the tank was approximately
4 L min~'. Blue crabs (1 replicate ', 1.2 m %) were put in
plastic mesh cages during this period to prevent predation on
mud crabs, but released to roam freely within the tank at the
inception of each trial. Mud crabs (8 replicate ', 9.9 m ) were
placed in their respective tanks. Large mud crab densities are
consistent with local (high density ~9 m ?; average density
~4 m?) (Grabowski unpublished data; Dodd unpublished
data) and published values (Mcdonald 1982). For the chemi-
cal cues treatment, blue crabs and mud crabs were put into
separate plastic mesh cages (approx. 20 cm X 10 cm x 5 ¢cm)
for the entire duration. Water flow was discontinued immedi-
ately prior to starting a trial, and an aquarium pump
(606 L min"') was used to circulate and oxygenate water.
Juvenile oyster trials contained 54 oysters in each replicate
(66.7 m?), whereas adult oyster trials contained 10 oysters
in each (12.3 m?).

Treatments were run concurrently for each oyster size
class. Trials began approximately 30 min after sunrise.
Opyster tiles were placed in their respective tanks, the appro-
priate crabs were released from their cages, and mesh cover-
ings (2 cm stretch length) were clipped to the rim of the tanks
to prevent blue crabs from escaping. While each treatment
was running, a water sample was taken approximately 5 cm
below the water surface every 60 min. The manipulation treat-
ment was handled every 30 min, as determined by preliminary
trials in which crab behavior was observed. When water sam-
pling and manipulation were scheduled to occur at the same
time, the water sample was collected first to reduce any effect
of resuspension on the sample. After 4 h, the crabs were re-
moved and oyster mortality was recorded.

Chlorophyll a drawdown was quantified through repeated
water sampling of experimental trials throughout each exper-
imental trial for a total of five samples per trial. Using a
0.7-um GFF filter, 100 mL of each water sample was then
filtered. Filters were extracted in 7 mL of 90% acetone solu-
tion and analyzed for chlorophyll @ using a fluorometer
(Welschmeyer 1994). Chlorophyll a concentrations were nor-
malized to account for initial differences among tanks by
converting them to proportion remaining from 7j. A line
was fitted through time for these points for each replicate,
and the slopes (proportion chlorophyll a removed per hour)
were analyzed in a two-way ANOVA with treatment and oys-
ter size as fixed factors. Slopes were Box-Cox transformed to
correct for heteroscedasticity, and the transformed data subse-
quently passed Levene’s test (p > 0.05) for equality of vari-
ances. Orthogonal planned contrasts were established using
the available degrees of freedom from the two-way ANOVA
(Sokal and Rohlf 2012).

Results

Predator cues did not reduce removal of water column chlo-
rophyll a by oysters (Fig. 1). The interaction between oyster
size and predator treatment (Fg 5 = 2.28, P = 0.064) and the
main effect of oyster size (£ g = 2.87, P = 0.101) were not
significant. There was a significant effect of treatment
(Fs28 = 21.28, P = <0.0001) on chlorophyll a removal.
Planned contrasts revealed a significant difference between
the control treatment that had no oysters in it and all treatments
with oyster present (/] 55 = 126.49, P = <0.001). However,
following this first contrast, there was insufficient variation
remaining to warrant conducting the remaining contrasts
(approx. 1% for all five subsequent contrasts).

In the juvenile oyster treatments, oyster mortality as a result
of predation occurred in three of the six predator treatments.
Mean (SE) percent oyster mortality was 0.6% (+0.6) in the
oyster only treatment, 0.6% (+0.6) in the blue and mud crab
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Fig. 1 Proportional change in chlorophyll @ concentration per hour by
oyster size and predator treatment. A priori contrasts indicate no
difference between any treatments containing oyster

treatment, and 4.9% (+0.6) in the mud crab treatment. There
was no oyster mortality in the adult oyster treatments.

Discussion

Effects of predators on filtration rates have been demonstrated
in several bivalve species including hard clams, blue mussels,
and zebra mussels (Kulakovskii and Lezin 2002; Smee and
Weissburg 2006; Naddafi et al. 2007). Contrary to this evi-
dence, this study found that predators had no impact on oyster
removal of chlorophyll a from the water column. This result
suggests that oyster filtration rates, and hence the near-term
delivery of ecosystem services by oyster reefs, may be at least
directly decoupled from non-consumptive (i.e., predator
avoidance behavior) predator-oyster interactions.

The normal feeding behavior of bivalves includes varying
degrees of temporal variation. For instance, over a 26-h period
in an environment with constant physical conditions and algal
concentrations, Argopecten irradians (bay scallop) maintains a
constant or steadily decreasing and then stabilizing filtration rate,
characterized by minor variation and no periods when it ceases
filter feeding (Palmer 1980). Alternatively, both Crassostrea
gigas and C. virginica exhibit much higher variation, including
periods of negligible filtration activity (Palmer 1980; Gerdes
1983). Hourly variation in mussel (e.g., Choromytilus
meridionalis and M. edulis) filter feeding lies between these
two extremes (Griffiths 1980; Kulakovskii and Lezin 2002).
The cause of variation in oyster feeding rates is unclear but is
hypothesized to be a consequence of alternating periods of in-
creased feeding or digestion (Gerdes 1983). Detecting predator
effects may be especially difficult under these circumstances,
because if oysters do behaviorally respond to the presence of a
predator, the response would likely mimic and may be function-
ally identical to a period of higher digestion. Similarly, following

the removal of the predator cue, the highly variable oyster feed-
ing rates may allow for compensatory feeding, thereby increas-
ing their filtration rates when predators are less proximal to ac-
count for any short-term feeding disruptions. Yet, we conducted
the experiment in relatively small tanks where we would expect
that oysters would be capable of detecting the presence of pred-
ators continually throughout the experiment and maximize the
likelihood for disruption of oyster filtration. Thus, our results
suggest that oysters likely do not alter their foraging rates in
the presence of predators.

Predator and prey identities can determine the outcome of
biotic interactions (O’Connor et al. 2008). For instance, the hard
clam is cryptic and is typically found in low densities, so that a
clam that responds to the threat of predation by reducing its
filtration rate will likely enhance its chance of surviving (Smee
and Weissburg 2006). Furthermore, although mussels are capa-
ble of forming reefs and are found in high densities, they are also
more likely to occur in small aggregations and rely on their
physical environment for protection (Uryu et al. 1996). In con-
trast, oysters are conspicuous and typically found in high densi-
ties. To realize an increase in survival by reducing their chemical
cue profile, a large proportion of oysters, regardless of size,
would have to stop filtering on a given section of reef. Given
that the most abundant predators are not capable of consuming
the largest oysters, this scenario may be unlikely. In addition,
predatory crabs utilize oysters for both food and shelter. This
close spatial association may also erode the value of a strong
anti-predator response if habituation is occurring (Fernandez-
Juricic et al. 2002). In contrast, as a slow-moving predator that
relies heavily on olfaction to locate prey, Asterias rubens (com-
mon starfish) may be more likely to illicit the fear response
observed in blue mussels (Kulakovskii and Lezin 2002).

The juvenile oysters used in this study were hatchery-
raised; therefore, unlike oysters in the wild, they had not pre-
viously been exposed to oyster predators. Therefore, it is pos-
sible that the response of hatchery-reared oysters to predators
is weaker than that of wild oysters. Counteracting this poten-
tial issue, the crabs were kept in close proximity to the oysters
during the experiment and were fed oyster tissue prior to the
experiment to maximize their olfactory presence during the
trial (Weissburg et al. 2014).

Reduction of filtration rates by oysters smaller than those
used in this study is unlikely to greatly reduce total reef filtra-
tion. The relative contributions to total reef filtration by oyster
size can be estimated using local intertidal reef survey data
(supplemental data), an intertidal oyster length to dry weight
relationship (Copeland and Hoese 1966; White et al. 1988;
Powell et al. 1995), and a dry weight to filtration rate relation-
ship (Riisgard 1988). From these measurements, estimated
filtration by oysters smaller than 20 mm accounted for only
5% of total reef filtration despite representing 56% of oysters
by count. If oysters of this size class were to decrease filtration
rates in response to the presence of a predator similar to that



exhibited by zebra mussels (25% reduction), total reef filtra-
tion would decrease by only ~1% (Naddafi et al. 2007). Given
the high degree of predator residency on these reefs, as op-
posed to the predators used in any comparable study
(Kulakovskii and Lezin 2002; Griffiths and Richardson
2006; Smee and Weissburg 2006; Naddafi et al. 2007) and
the ubiquity of conspecific settlement in oysters leading to a
chemical cue-saturated and conspicuous environment, even
this small reduction seems unlikely.

C. virginica grow quickly, thereby reducing predation risk
by achieving greater size (Menzel and Nichy 1958; Krantz
and Chamberlin 1978). They may exhibit defensive behaviors
in the presence of other predators, but no evidence was found
that they respond to either tactile or chemosensory cues of two
common predatory crabs. While individual oysters may yet
display a change in filtration rates in the presence of predators,
our results suggest that predators do not appear to directly
impact oyster filter-feeding behavior at larger scales (i.e., oys-
ter reef patches).

In restoration and ecosystem service contexts, average fil-
tration is often assumed to be a constant based on a number of
environmental and demographic variables (Riisgard 1988;
Dame 1993; Newell and Langdon 1996). If the finding that
oysters do not reduce filtration to avoid predation holds for
other oyster predators, that assumption would be validated as
the direct effects of predators on oyster filter-feeding behavior
do not need to be accounted for in reef filtration estimates.
Opyster reefs are also credited for performing a wide diversity
of services that may be dependent on each other, such as
serving as nursery habitat for juvenile fishes and crustaceans,
stabilizing shorelines, and removing excess nitrogen. Our re-
sults suggest that oyster predators and filter-feeding behavior
are decoupled. Moreover, this finding implies that the nursery
function of C. virginica reefs does not impair their potential to
provide other key ecosystem services such as excess nitrogen
removal and enhanced water quality. However, any predator
behaviors that have a direct or indirect effect on oyster demo-
graphics, including changes in predation when crabs avoid
predators by foraging less (Grabowski 2004; Grabowski and
Kimbro 2005), growth (Johnson and Smee 2012), fecundity
(Johnson and Smee 2012), or recruitment, will affect reef fil-
tration and, therefore, delivery of ecosystem functions and
services. Our study highlights the primacy of the direct con-
sumptive effects of predators in mediating oyster filtration
rates rather than their influence on oyster filtering behavior.
Specifically, oyster predators did not directly influence oyster
behavior or affect their filtrations of chlorophyll a, a proxy for
delivery of many ecosystem functions and services.
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