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Blue mussels (Mytilus edulis) play an important role in many coastal marine communities, regulating biodi-
versity and serving as food for many predators. Interactions between predators mediate their impact on
mussel prey, and thus have indirect effects on the mussel bed community. We studied the effects of pred-
ator density and species composition on mussel predation by green crabs (Carcinus maenas) and dogwhelks
(Nucella lapillus). We conducted an experiment in which predators at high and low natural intertidal den-
sities were enclosed with mussels, in either single- or multiple-predator species treatments. Biomass con-
sumed by each species in each treatment was determined and effects of multiple predators on consumption
rates were estimated. Mean size of mussels eaten by each predator species was also measured and com-
pared between treatments. Feeding by whelks and crabs was inhibited by conspecifics, and whelk foraging
was also depressed in the presence of crabs. The presence of whelks had a positive effect on crab foraging,
which may have moderated the negative effects of intraspecific competition between crabs. Sizes of mus-
sels consumed did not differ statistically between treatments. In mixed-species treatments, crabs appear
to have kleptoparasitized mussels being eaten by whelks, possibly facilitating consumption of larger mus-
sels by crabs. Results indicate that interactions between invertebrate predators of blue mussels cause shifts
in the feeding patterns of these predators, and are therefore an important part of mussel bed community
dynamics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Predation and competition are important determinants of the
structure of biological communities (Hairston et al., 1960; Holt, 1977;
McQueen et al., 1989;Menge and Sutherland, 1976). These are negative
interactions in that they result in negative effects on one or both organ-
isms. Positive interactions, inwhich the presence of one species in some
way benefits another, also play important roles in community dynamics
(Bertness and Leonard, 1997; Peterson and Heck, 2001), for example,
when foraging activity of one consumer facilitates the feeding of
another (Eklöv and VanKooten, 2001). Trophic dynamics in natural
communities may be further influenced by intraguild predation
(IGP), in which predators that should be potential competitors for
the same prey species also engage in predator–prey interactions with
each other (Arim and Marquet, 2004; Polis and Holt, 1992). The inter-
mediate consumer in IGP often undergoes some change in its traits or
behavior to avoid predation (Dill et al., 2003; Navarrete et al., 2000;
Polis and Holt, 1992; Trussell et al., 2003), resulting in trait-mediated
indirect interactions (TMIIs) between consumers and prey.

In intertidal communities, filter-feeding invertebrates, including
mussels, are an important basal food source in numerous food webs
(Menge and Branch, 2001). The abundance of such dominant filter-
feeders controls community diversity through competition with other
species for space and food (Enderlein and Wahl, 2004; Hamilton,
2000), and through provision of secondary space (Lee and Ambrose,
1989), but is itself influenced by predation (Menge and Sutherland,
1976). In Passamaquoddy Bay, Bay of Fundy, Canada, the blue mussel
Mytilus edulis forms dense beds in the intertidal zone that sustain such
communities. Predators of blue mussels in this region include green
crabs (Carcinusmaenas), dogwhelks (Nucella lapillus), sea stars (Asterias
spp.), and diving ducks, themost abundant ofwhich are common eiders
(Somateria mollissima) (Hamilton, 2000). Interactions among these
predators may affect predation rates and may play an important role
in defining the dynamics ofmussel bed communities within this region.

The green crab is an invasive European decapod crustacean (Carlton
and Cohen, 2003). It has a very broad diet and hunts using olfactory and
tactile stimuli (Crothers, 1968). Crabs examine prey items before con-
suming them and then crush or chip the shells of prey with their chelae
(Elner, 1978). They are also highly aggressive competitors, with inter-
ference by conspecifics potentially inhibiting crab feeding (Griffen and
Williamson, 2008; Huntingford and Taylor, 1997; Rovero et al., 2000).
This interference sometimes takes the form of kleptoparasitism, in
which one crab steals mussel prey from another (Smallegange et al.,

Journal of Experimental Marine Biology and Ecology 412 (2012) 117–125

⁎ Corresponding author. Tel.: +1 506 364 2513; fax: +1 506 364 2505.
E-mail addresses: bkquinn@mta.ca (B.K. Quinn), dhamilto@mta.ca (D.J. Hamilton).

1 Present address: Department of Biology, University of New Brunswick, PO Box
5050, Saint John, New Brunswick, Canada E2L 4L5.

0022-0981/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jembe.2011.11.012

Contents lists available at SciVerse ScienceDirect

Journal of Experimental Marine Biology and Ecology

j ourna l homepage: www.e lsev ie r .com/ locate / jembe



Author's personal copy

2006). Such inhibition may be less severe at higher prey densities be-
cause predators spend less time searching for prey (Smallegange et
al., 2006), though interference competition does still occur at these
densities and thus may cause predation rates to be less than additive.

Dogwhelks are gastropod molluscs that feed on mussels, peri-
winkles, and barnacles (Crothers, 1985). Whelks search for prey
using olfaction (Hughes and Dunkin, 1984), bore through the shells
of prey using a combination of radular scraping and chemical disso-
lution (Carriker and Williams, 1978), then digest the tissue inside.
The smell of feeding conspecifics may stimulate whelks to feed
(Hughes and Dunkin, 1984), constituting a positive effect of
whelk density on feeding rates. However, whelks may also engage
in interference competition with conspecifics, either by displacing
each other from mussel prey (Hughes and Dunkin, 1984) or engag-
ing in kleptoparasitism at higher densities (Morton, 2010). There-
fore, the net effect of whelks on each others’ feeding remains
uncertain.

Dogwhelks are occasionally eaten by green crabs (Aschaffenburg,
2008; Crothers, 1968; Trussell et al., 2003), which is a form of intra-
guild predation. Whelks can sense chemical risk cues in seawater
that signal the presence of predatory crabs in their environment
(Appleton and Palmer, 1988), and respond by reducing their feeding
rates (Aschaffenburg, 2008; Trussell et al., 2003; Vadas et al., 1994).
Thus, when both predator species are present in the system, their
net effect should be less than additive, which represents an emergent
effect of multiple predators in the system (d'Entremont, 2005; Sih et
al., 1998).

Competitive interactions between predators sometimes lead to
prey switching (Huntingford and Taylor, 1997; Rovero et al., 2000).
Green crabs and dogwhelks have a preferred range of mussel prey
sizes, related to predator size (Elner and Hughes, 1978; Hughes and
Dunkin, 1984; Juanes, 1992; Enderlein et al., 2003). However, preda-
tors can become less selective when other conditions affect their
ability to forage. For example, when crabs are stressed, such as after
starvation (Morris, 2008), the size of mussels on which they feed be-
comes more variable. Similar changes in prey size selection may also
occur when whelks and crabs are stressed by competition. Although
this was not noted in dichotomous choice trials in the laboratory
(Smallegange et al., 2008), in nature crabs may encounter a wider
range of mussels more frequently and thus could be more flexible in
their feeding preferences.

We used predator enclosures to investigate the effects of intra-
and interspecific interactions between green crabs and dogwhelks
on consumption by each species of blue mussels. We hypothesized
that negative interactions between predators would lead to depres-
sion of foraging rates when more predators were present, with crab
and possibly whelk feeding depressed at higher densities due to
competition, and whelk feeding depressed in the presence of crabs
due to responses to crab risk cues. Such patterns have been investi-
gated before (d'Entremont, 2005), but not at natural predator densi-
ties in the field. We also hypothesized that such interactions would
cause predators to alter prey sizes chosen to minimize competitive
interactions, perhaps with predators becoming less selective under
competitive stress (sensu Morris, 2008, and Smallegange et al., 2008)
and feeding on mussels of sub-optimal sizes.

2. Materials and methods

2.1. Study site

Work was conducted at Pagan Point, St. Andrews, New Brunswick,
Canada (45°4′ N, 67°2′ W), in the littoral zone of Passamaquoddy Bay
in the Bay of Fundy. Experimental cage structures were set up at
approximately 1.3 m above mean lower low water (MLLW), and
were rarely exposed for more than two hours during each low tide.

2.2. Densities and sizes of predators and prey

Based on preliminary surveys of a natural mussel bed in the
study area in June 2009 we estimated the density of blue mussels
to be 2067 (±822) mussels m−2 (mean±SD). We also surveyed
densities and sizes of dogwhelks and green crabs along five 30-m
transects; two in mussel beds and three in adjacent rockweed (Asco-
phyllum nodosum)-covered areas. Dogwhelks averaged 25.5 (±3.4)
mm (mean±SD) in shell height and green crabs averaged 34.0
(±11.9) mm in carapace width. Mean density (±SD) of whelks
was 50 (±15) whelks m−2. Because the distribution of observed
whelk densities (range 12 to 300 whelks m−2) was skewed with
many values below the mean and a few extremely high ones we
estimated a typical low density as the median density, 44 whelks
m−2, and a typical high density as the 90th percentile, 122 whelks
m−2. Mean density (±SD) of crabs was 20 (±17) crabs m−2. Dis-
tribution of crabs was patchy and non-normal, so we set typical
low and high densities as those that we observed frequently in
the field. A typical low density was estimated at approximately
10–12 crabs m−2 and a typical high density at approximately
30–33 crabs m−2.

2.3. Predator treatments

Predator densities used in the experiment were 4 whelks (low) or
11 whelks (high), and 1 crab (low), or 3 crabs (high) in their respec-
tive cages. Densities were calculated based on an estimated foraging
area of 0.09 m2 (30 cm×30 cm tile covered with mussels) rather
than the total cage area of 0.82 m2 because our focus was on predator
interactions, which would occur in foraging areas. Although crabs do
take food away from foraging patches (Smallegange et al., 2010),
when they leave the competitive interaction between them ends.
Six predator treatments were used: low density whelk (LW), high
density whelk (HW), low density crab (LC), high density crab (HC),
low density crab with low density whelk (LCW), and high density
crab with high density whelk (HCW). The different densities of single
predator species tested effects of intraspecific interactions on preda-
tor foraging, while treatments with both predators present together
tested effects of interspecific interactions. This design is additive as
opposed to substitutive (sensu Griffen, 2006) because the large differ-
ence in size and foraging rates between the two predator species
makes it impossible to freely substitute them, precluding the latter
approach. However, because we use low and high densities in both
single and multiple species treatments, it is possible to partially ad-
dress the issue, as discussed by Griffen (2006), of whether effects of
interspecific interactions on feeding rates stem from predator density
or predator identity.

2.4. Field experiment

We conducted three 2-wk experimental trials between July and
September 2009, with new predators and prey used for each trial.
Duration of trials was selected based on observations of predator
feeding during a 20-day preliminary experiment.

Cages were constructed of lobster wire and measured 0.91 m×
0.91 m×0.3 m high. All sides were covered in 0.5-cm mesh. A mesh
skirt along the bottom was dug into the substrate to prevent external
predators from moving underneath the cages. Two rocks of moderate
size with attached rockweed were placed within each cage to provide
natural refuges for predators at low tide (Fig. 1a). We set up the cages
in five replicate sites (blocks) with each site containing six cage treat-
ments (Fig. 1b). Space limitations required sites to be organized into
two rows, but differences among sites in exposure/submersion times
were less than 10 minduringmost tides. Locations of sites and treatments
within each site were allocated randomly.
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We collected mussels from a naturally-occurring mussel bed and
stored them in tanks at Huntsman Marine Science Center (HMSC),
St. Andrews, New Brunswick. Based on the above-mentioned natural
densities and a foraging area of 900 cm2 (a 30 cm×30 cm tile) we
counted out 186 live mussels between 25 and 50 mm long for each
cage – sizes that reflected the normal (excluding extremes) size
range of naturally-occurring mussels in the study area during sum-
mer 2009 (Boudreau, 2011). These mussels were of a size that our
predators either normally preferred to eat or at least were capable
of consuming (Elner and Hughes, 1978; Enderlein et al., 2003; Hughes
and Dunkin, 1984). From each set of mussels, a random sub-sample of
30 was measured to estimate the average length of mussels in that set
before the predation treatment began (initial mean size). Each set was
then kept in lab aquaria connected to a flow-through seawater system
for 12 h to allowmussels to attach to tiles, after which tiles were placed
in field enclosures.

We collected whelks and crabs during low tide at Pagan Point and
Bar Road, St. Andrews, New Brunswick. We used dogwhelks with shell
length 23–28mm and green crabs with carapace width 33–38 mm.
Crabs used were all male and were not used if they had damaged or
missing chelae, were missing legs, had recently moulted, or were in
delayed moult. Predators were kept in isolation in aquaria in a flow-
through setup for three days to standardize hunger levels. After this,
mussel-covered tiles and predators were randomly allocated, in appro-
priate numbers, to the different treatments and an experimental trial
initiated.

During the three experimental trials, cages were checked every
2 days and any deviations from intended predator densities were
corrected. These deviations occurred at least once in about 60% of
cages, but did not differ in frequency between treatments, blocks,
or trials, and were sufficiently limited in extent (and time for forag-
ing) that we are confident they did not influence results. No whelks
were eaten by crabs. At the end of an experimental trial mussels
were collected and frozen for later sorting and analysis. An iBCod
22L temperature logger (Alpha Mach Inc.) was kept in one of the
cages and monitored temperatures throughout the study. Although
temperatures varied between trials, they remained within optimal
summer feeding temperatures for these predators.

2.5. Mussel biomass consumption and size selection of predators

All mussels eaten during the experiment were measured with a
Vernier caliper (±0.1 mm). Shell length was measured when possi-
ble. When it was not (such as after crab chipping), thickness of the
right umbo was measured and mussel length calculated from a pre-
dictive relationship developed between umbo and shell length from
a random sample of mussels from the experiment (as in Hamilton,
1992); length=right umbo0.314⁎101.591 (R2=0.74, F1,424=1188.3,
pb0.001, slope C.I.95%±0.018, translating into b1 mm error in esti-
mated shell length). Mussels were closely examined to determine
cause of death and numbers and sizes recorded. A mussel with at
least one bore hole in an otherwise intact shell was classified as killed
by a whelk, while mussel shells chipped but lacking a bore hole were
classified as killed by a crab. When whelks and crabs were included
together in the same treatment some mussels were both bored by
whelks and chipped by crabs, suggesting that they were eaten in
part by both predators.

To control for prey size differences we assessed predator foraging
in terms of biomass consumed, estimated from a relationship be-
tween mussel length and dry tissue biomass. Such estimates were
necessary because weighing all mussels before and after the experi-
ment and comparing biomass would require that we use wet mass,
which can be quite variable and would not provide a good standard
measure of edible biomass. Uneaten mussels were randomly sam-
pled at the end of each trial (n=106 per trial). Their tissue was re-
moved from the shell, dried 24 h at 80 °C, and weighed to the
nearest 0.0001 g.We regressed log biomass on log length, generating
the relationship: dry biomass=length2.558⁎10−4.683 (R2=0.68,
F1,316=662.0, pb0.001, slope C.I.95%±0.195). These relatively large
confidence intervals suggest considerable possible error in biomass
estimates at large mussel sizes, but relatively few of these largest
mussels were eaten by predators (Fig. 2), and variability at smaller
sizes was much less. Further, the error should be randomly distribut-
ed across treatments, so we are confident that results were not arti-
facts of the estimation procedure. If some tissue remained in a killed
mussel its dry mass was determined and subtracted from the pre-
dicted initial total biomass to determine the amount of consumed
biomass.

To allocate the biomass consumed during apparent kleptoparasit-
ism (mussels drilled by a whelk, then “stolen” by an opportunistic
crab) to whelks or crabs, mussel biomass consumed per individual
crab and whelk (excluding kleptoparasitism events) in each multiple
predator treatment enclosure (HCW and LCW) was first determined.
Mean biomass consumed per individual crab was six times more than
that consumed by an individual whelk, so 14% (one sixth) of the bio-
mass of individual mussels eaten during kleptoparasitism was allo-
cated to the whelk total and 86% to the crab total. This is a rough
estimate with potential for error because the actual amount con-
sumed by each predator depends on when in the whelk feeding
cycle the mussel was stolen, which our design could not assess (see
Section 4.2 for discussion of this).

2.6. Deviation from additive predation

To test whether observed predation by whelks and crabs in the dif-
ferent treatments was additive, facilitated, or depressed, deviation from
additive predation (DFAP) in high density and mixed-species treat-
ments was calculated for each trial for each species. Mean biomass con-
sumed in low density, single predator species treatments was scaled up
linearly based on numbers of predators in low and high density treat-
ments to calculate expected consumption under the assumption of ad-
ditive predation. For example, expected consumption by crabs in HCW
and HC=3×LC consumption. Expected consumption by whelks and
crabs in LCW was the mean observed biomass consumed in LW and
LC treatments respectively. DFAP for each species was then calculated

MLW
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Fig. 1. Experimental setup: (a) Schematic of cage interior with rockweed-covered rocks
for predator shelters and a central clump of mussels settled on a tile. Cages measured
0.91 m×0.91 m×0.3 m high. (b) Arrangement of the experiment in the intertidal
zone with cages organized into five replicate sites. Each site contained six predator en-
closures placed 1 m apart.
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as observed biomass consumed−expected null values. Our null calcu-
lation is analogous to a simple additive model rather than a multiplica-
tive riskmodel. This approach can generate an elevated null expectation
and therefore may be biased toward perceived suppression of foraging
(Sih et al., 1998). However, we are confident in our additive approach
because prey was never substantially depleted (mean depletion per
treatment=3.5±0.6 to12±1.2%) and the proportion of availablemus-
sels consumed individually by either specieswas low (treatmentmeans
2–6%). Therefore, differences from multiplicative model predictions
would be minimal (Sih et al., 1998).

2.7. Size selectivity of predators

We compared the degree of size selectivity by predators in the
different treatments using Strauss’ electivity index (Strauss, 1979).
Mussels eaten by each predator were examined in separate size fre-
quency distributions. Both were bimodal about the mean (Fig. 2), so
we divided eaten mussels into two size categories for each predator:
“small” (≤ mean size eaten) or “large” (> mean size eaten). Though
not perfect because some intermediate-sized mussels were eaten,
this division was the best approach based on the data available.
Mean size eaten by whelks was 39.1 mm, and by crabs 35.7 mm.
We then calculated Strauss’ electivity index values for the smaller
prey size class for each predator species in each treatment. This
was the proportion of small mussels eaten by predators less the pro-
portion of small mussels initially present in the cage. A positive value

indicated that predators selectively fed on smaller mussels, while a
negative value indicated avoidance of smaller prey; a value close to
zero indicated random foraging. The proportion of uneaten mussels
in the smaller size class remaining in each cage after predation was
also calculated for cages containing crabs, which were found to be
selective foragers (see results), to check for depletion of these
more desirable mussels. This was not done for whelks, as these
were not found to feed selectively (see Results section).

2.8. Statistical analysis

All statistical analyses were carried out using PASW 17 (SPSS Inc.,
2009). Unless otherwise noted, data passed Cochran's test of homoge-
neity of variance and the Kolmogorov–Smirnov test of normality of
residuals, either with or without transformation. We used ordinary
least squares models assuming independent and normally distributed
error.

We used a 3-factor mixed-model ANOVA to test effects of pred-
ator density and species composition on prey biomass consumption,
DFAP, mean size consumed by crabs, and Strauss’ electivity index.
Each replicate site was considered a separate block during each
trial. Trial (n=3) and block(trial) (n=15) were random factors
and predator treatment was fixed. We include trial as a factor to
control for temperature differences between trials (Quinn, 2010),
which would have affected activity levels of predators. Post-hoc
comparisons between treatments were performed using Tukey's
HSD tests. Dunnet's pairwise multiple comparison t-test was used
to test whether DFAP was different from zero in each treatment,
and whether electivity values differed from zero (null hypothesis
of random feeding). The analysis of mean size of mussels consumed
by whelks (square root transformed) had to include a covariate of
initial mean size of mussels in each cage because the two were cor-
related. Because of limited degrees of freedom we ran this as a one-
way ANCOVA testing treatment while controlling for initial mean
size. This was possible because block was non-significant (p=0.13)
when assessed with trial, and trial was non-significant (p=0.10)
when assessed with the covariate only. The distribution of mussel
sizes eaten by crabs in the low density crab-only treatment was further
compared to the distribution of sizes eaten in other treatments that
contained crabs using the Kolmogorov–Smirnov test. Depletion of smal-
ler mussels was also compared between crab treatments using a one-
way ANOVA.

The nature of observed kleptoparasitic events and their possible
effect on prey selection was examined using an ANOVA, with mean
size of mussels eaten as the dependent variable and cause of death
as a fixed factor. Sizes of mussels eaten during kleptoparasitic events
did not vary between the high and low density mixed treatments
(p=0.53) so all mixed-predator species treatment cages in which
kleptoparasitism appeared to have occurred (a total of 20 cages)
were included together in this analysis.

3. Results

Mussel biomass consumed by both whelks and crabs varied with
predator treatment (Table 1, Fig. 3). Whelks in all high density treat-
ments consumed more mussel biomass than those in low density
treatments (Fig. 3a), though the effect was not additive (see below).
Whelk foraging in the presence of crabs was depressed relative to
whelk-only foraging at high densities, but not at low densities
(Fig. 3a). Effects of treatment on crab foraging were less pronounced,
with only crabs in high density enclosures with whelks consuming
more than crabs in low density, crab-only enclosures. There was
also a non-significant trend for crabs in high density mixed treat-
ments to consume more mussel biomass than in the low density
mixed and high density crab-only treatments (Tukey's HSD test,
p=0.08 and p=0.11, Fig. 3b).
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Deviation from additive predation of whelk feeding varied be-
tween treatments (Table 1, Fig. 4a), with greater foraging depression
in high density mixed treatments than in high density whelk treat-
ments, though depression was significant in both of these treatments.
Whelk foraging depression in the low density mixed-predator treat-
ment was not different from zero, indicating no depression in this
treatment (Fig. 4a).

Deviation of crab feeding from additive predation again differed
among treatments (Table 1, Fig. 4b). Depression in the high density
crab-only treatment was significantly greater than that in both high
and low density mixed treatments (Fig. 4b). Significant depression
in crab foraging relative to calculated additive predation occurred in
both high density crab-only and mixed treatments, but not in the
low density mixed treatment (Fig. 4b).

Predator treatment did not significantly affect themean size of mus-
sels eaten in each cage by whelks or crabs in this study (Fig. 5, Table 2).
However, there was a tendency for crabs to consume smaller mussels
when alone than in high density or mixed species treatments
(Fig. 5b). Prey size selectivity by both whelks and crabs was not signif-
icantly affected by treatment (Fig. 6, Table 2). Whelk feeding was not
different from random foraging on available mussel sizes in all treat-
ments (Dunnet's test, p≥0.43), while crabs in all treatments selectively
fed on smaller-than average mussels (Dunnet's test, p≤0.01). The dis-
tribution of sizes eaten by crabs did not differ significantly between
crab treatments (Kolmogorov–Smirnov test, p≥0.06), though crabs
did tend to show a stronger preference for smaller mussels when
alone in low densities and this difference approached significance for
the high density crab-only treatment (p=0.06).

Depletion of mussels in the smaller size class was negligible in en-
closures containing crabs, with depletion not exceeding 7.7% and
mean depletion per treatment (±SD) of 1.0±1.2 to 1.9±2.0%. This
depletion did not differ significantly between predation treatments
(F3, 56=1.07, p=0.37).

The mean size of mussels eaten in cages in which kleptopara-
sitism appears to have occurred differed with source of mortality
(F2, 57=21.46, pb0.001).Mussels eaten by crabs alonewere significantly
smaller than those eaten both by whelks alone and jointly by the two
species (Fig. 7).

4. Discussion

4.1. Prey consumption — intraspecific interactions

Foraging by individual crabs and whelks was inhibited by pres-
ence of conspecifics in each of the high predator density treatments.
We have ruled out increased prey depletion in high density treat-
ments as a possible explanation for this result; the largest observed
reduction in any individual cage was 21%, and the vast majority of
cages had declines of b10%. Depletion of the preferred smaller mus-
sels in cages containing crabs was also minimal.

The observed depression of prey consumption bywhelks in the high
density whelk treatment is not entirely consistent with previous work.
Hughes and Dunkin (1984) suggested a potential stimulatory effect of
the scent of feeding conspecifics on whelks. d'Entremont (2005) ob-
served a slight positive effect of whelks on conspecifics' feeding in a
small-scale lab study, though this effect was not significant for whelks
in larger tanks or in field enclosures, and so could be a result of scale. In-
terference competition between whelks, including kleptoparasitism,
does occasionally occur (Hughes andDunkin, 1984;Morton, 2010), par-
ticularly at high predator densities. Whelks in whelk-only enclosures
should not have been influenced by crab risk cues from adjacent cages
or the surrounding environment. In high-flow environments such as

Table 1
Results of mixed model ANOVA of the effects of predator treatment on total biomass
consumed per day by predators and deviation from additive predation of observed
predator feeding. Treatment was a fixed factor while trial and block were random fac-
tors. The block factor was nested within trial. Biomass consumption data for crabs were
log-transformed. TreatmentxBlock(Trial) was not tested due to a lack of degrees of
freedom. Significant values are indicated in bold.

Source of variation df MS F p

Biomass consumed by whelks
Treatment 3 0.03a 28.7 b0.001
Trial 2 0.01b 5.4 0.02
Block(Trial) 12 0.002a 2.3 0.02
Treatment×Block(Trial) 42 0.001

Biomass consumed by crabs
Treatment 3 0.40a 3.6 0.02
Trial 2 0.06b 0.9 0.44
Block(Trial) 12 0.07a 0.6 0.83
Treatment×Block(Trial) 42 0.11

Deviation of whelk predation
Treatment 2 0.03a 19.5 b0.001
Trial 2 0.01b 4.6 0.03
Block(Trial) 12 0.002a 1.8 0.11
Treatment×Block(Trial) 28 0.001

Deviation of crab predation
Treatment 2 0.10a 15.5 b0.001
Trial 2 0.02b 6.3 0.01
Block(Trial) 12 0.002a 0.4 0.94
Treatment×Block(Trial) 28 0.007

a Error MS=MS (Treatment×Block(Trial)).
b Error MS=MS (Block(Trial)).
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thismolluscs sense and respond to risk cues less strongly as the distance
from their source increases (Smee et al., 2008;Webster andWeissburg,
2009). Our results suggest that negative intraspecific interactions be-
tween whelks outweighed any facilitative interactions in this system,
generating the reduction in per capita whelk feeding rates that we ob-
served in the absence of crabs.

Observed foraging depression of green crabs at high densities is
consistent with results of past studies (Griffen and Williamson,
2008; Huntingford and Taylor, 1997; Rovero et al., 2000) in which
aggressive behavior and interference competition between conspe-
cifics inhibited feeding. Our mussel densities were relatively high, so
one might expect that inhibition as a result of competition should
have been less important (as in Smallegange et al., 2006). However,
the crabs we used were small and preferred mussels in the smallest
part of our range (see Section 4.3), whichmade up 20±11% of available
mussels. This means that density of preferred prey was actually quite
low, leading to competition between crabs and inhibited feeding. Over-
all, feeding by crabs was low compared with allometric relationships
based on crabmetabolism (Klein Breteler, 1975), whichwasmost likely
related to the small sizes of crabs relative to mussels used (Elner and
Hughes, 1978). This may mean that our design underestimated
the extent of competition that could occur in nature. While the pred-
ator and prey sizes that we used were reflective of sizes present at
our field site, future work should examine whether competitive

inhibition also occurs in this system between larger crabs feeding
on smaller mussels.

4.2. Prey consumption — interspecific interactions

Emergent effects of multiple predators were not noted in the low
density treatments, consistent with the findings of Okuyama and
Ruyle (2003), probably because encounter rates were low. However,
there was marked depression of per capita whelk foraging in the
high density mixed treatment relative to the high density whelk-
only treatment that exceeded the depression caused by intraspecific
interactions alone. This is consistent with observed reduction in
feeding activity by whelks exposed to risk cues from predatory
crabs in past lab studies (Aschaffenburg, 2008; d'Entremont, 2005;
Trussell et al., 2003; Vadas et al., 1994) and at arbitrary densities in
the field (d'Entremont, 2005). Although crab feeding rates were
low in the present study, response of whelks to crab risk cues is not
affected by crab diet or crab starvation (Large and Smee, 2010), so
whelks should still have been able to detect and respond to crabs in
this study. Physical disturbance of feeding whelks by crab foraging
behavior would have caused further non-consumptive inhibition of
whelks (d'Entremont, 2005). These results confirm the existence of
emergent negative effects of multiple predators (as in Sih et al.,
1998) among crabs and whelks feeding on mussels at natural densi-
ties under field conditions.

Feeding rates of crabs at high densities in the presence of whelks
were higher, and foraging depression reduced, relative to those in
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crab-only treatments at the same densities, suggesting that the pres-
ence of whelks has some positive impact on crab foraging. When we
consider the total effect of this interaction on the mussel bed, even
with the reduction in whelk feeding discussed above, roughly 22%
more biomass was consumed from the high crab and whelk treat-
ment than would have been expected based on the sum of foraging
in separate high crab and high whelk treatments (see Fig. 3 and
Quinn, 2010). Combined per capita foraging was still depressed rela-
tive to single species low density rates (Quinn, 2010), but less so. This
provides strong evidence that facilitation of crab feeding by whelks
occurs in nature, and suggests that such facilitation may alleviate
the negative effects of competition between crabs. Our results are
consistent with the concept of “competitor facilitation” in which the
actions of one predator attempting to feed on shared prey benefits
another predator (Dill et al., 2003).

The exact nature of the facilitative interaction between crabs and
whelks is uncertain. Crabs may be stimulated to feed by the smell of
whelks feeding on mussels (see Crothers, 1968). At high crab densities
such stimulation by whelks could partially shift the focus of crabs away
from intraspecific challenges and toward feeding. Also kleptoparasitism
of mussels weakened by whelk predation in mixed-predator treat-
ments may have been responsible for some of the increased crab forag-
ing in mixed-predator relative to crab-only treatments. The extent of
this effect is difficult to assess. Based on ourmethod of calculation,mus-
sels eaten kleptoparasitically represented only about 10% of the total
biomass consumed in cages in which this occurred. This may be an
overly conservative estimate and should be reviewed in future. If
crabs were rapidly attracted to mussels drilled by whelks they may
have eaten them before whelks could consume any mussel tissue. Fur-
ther, if crabs fed on weakened whelk-drilled mussels without breaking
the mussel shell, then the kleptoparasitism event would have been
undetected. However, given that crab foraging in the HCW treatment
was still higher than that in the HC treatment even without inclusion
of any communally-eaten mussel biomass (Quinn, 2010), while proba-
bly a contributing factor (see below for additional discussion), klepto-
parasitism on its own does not fully explain the results we observed.

4.3. Prey sizes

Whelks were not size-selective predators on mussels in the size
ranges we used. Therefore, whelks feeding at high densities and/or
with crabs did not adjust their prey size choices to minimize compe-
tition. Further, since they tended to feed on larger mussels than crabs
and were vulnerable to kleptoparasitism by crabs regardless of the
size of mussels they ate, the cost of feeding on larger, thicker-
shelled mussels (Bayne and Scullard, 1978; Hughes and Dunkin, 1984)
to avoid them may have outweighed any possible benefits of prey-
switching.

Crabs were selective predators, consuming smaller than average
mussels. This was expected; crabs of the size used in this study
should have preferred mussels approaching the minimum size pro-
vided, 25 mm (Elner and Hughes, 1978; Enderlein et al., 2003;
Juanes, 1992; Smallegange et al., 2006). Sizes of mussels eaten by
crabs did not vary significantly with crab density, which agrees with
previous work by Smallegange et al. (2008) in which crabs fed on
smaller mussels to avoid damage to chelae and maximize their
long-term foraging efficiency.

Mussels eaten by crabs in mixed-species treatments were some-
what larger than those eaten when alone. Competition between crabs
could not explain this result; the low densitymixed treatment included
only one crab, so presence of whelks must have been responsible for
the change. A possible explanation for this is kleptoparasitism in
which crabs “stole” mussels that were being consumed by whelks.

Table 2
Results of ANOVAs of the effect of predator treatment on mean sizes of mussels eaten
by predators and the selectivity of predators on small mussel prey (Strauss’ electivity
index). Treatment was a fixed factor. Whelk data were square-root transformed. The
whelk mean size analysis included the covariate of initial mean size of mussels in en-
closures; trial and block were not included as neither was found to be significant in
preliminary analysis and their inclusion precluded use of the covariate because of a
shortage of degrees of freedom. The crab mean size analysis and the selectivity ana-
lyses included trial and block as random factors, with the block factor nested within
trial. Significant values are indicated in bold.

Source of variation df MS F p

Mean size eaten by whelks
Treatment 3 0.007a 0.3 0.79
Initial mean size 1 0.37a 17.8 b0.001
Residual 55 0.02

Mean size eaten by crabs
Treatment 3 11.77b 1.8 0.15
Trial 2 3.17c 0.3 0.71
Block(Trial) 12 9.16b 1.5 0.187
Treatment×Block(Trial) 42 6.26

Selectivity by whelks
Treatment 3 0.03b 0.7 0.56
Trial 2 0.26c 4.6 0.03
Block(Trial) 12 0.06b 1.5 0.16
Treatment×Block(Trial) 42 0.04

Selectivity by crabs
Treatment 3 0.10b 2.1 0.11
Trial 2 0.07c 2.0 0.18
Block(Trial) 12 0.04b 0.8 0.69
Treatment×Block(Trial) 42 0.05

a Error MS=MS (Residual).
b Error MS=MS (Treatment×Block(Trial)).
c Error MS=MS (Block(Trial)).
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Mussels eaten in this way were larger than those eaten by crabs
alone, but not significantly different from those eaten by whelks.
Therefore, such mussels were probably initially selected by a whelk
and then stolen by a crab, and not the reverse. Green crabs have
been documented to kleptoparasitize conspecifics (Smallegange et
al., 2006). However such behavior was not observed to occur be-
tween green crabs and whelks in previous studies of interactions
between these predators feeding on mussels (e.g., d'Entremont,
2005; Vadas et al., 1994).

The green crabs that were used in our study were typical of
those found in our study area, but smaller than those used in the
aforementioned studies. Smaller crabs have limited ability to con-
sume larger mussels (Elner and Hughes, 1978; Enderlein et al., 2003;
Juanes, 1992) and whelk boring and weakening of mussels may make
it easier for them to eat larger mussels, perhaps allowing them to feed
at a higher rate. Larger crabs used by d'Entremont (2005) caused
marked depression of whelk feeding relative to expectations (50–
100%). Such crabs have stronger chelae and are a greater threat to
whelks (Palmer, 1985), so kleptoparasitism may not be as useful to
them, or theymay have caused such severe depression ofwhelk feeding
that opportunities for kleptoparasitism did not exist. Future research
should examine the role of predator size in kleptoparasitic interactions
between crabs and whelks. Because whelks and crabs naturally co-
occur in mussel beds, kleptoparasitism may play a significant role in
this system that has yet to be explored. Our data do not suggest that
large amounts of biomass were consumed this way (see above), but
the changes in sizes consumed could alter dynamics among predators
and prey.

4.4. Community-level implications

The presence of multiple predator species in mussel bed commu-
nities makes it complicated to predict community dynamics. Negative
interactions between predators can moderate their effects on prey,
potentially affecting community stability (Navarrete and Menge, 1996),
with the direction of effects depending on how the system is structured.
Feeding depression of predators might reduce mussel mortality, reduc-
ing primary space available for other species to colonize and there-
fore affecting diversity (Enderlein and Wahl, 2004; Hamilton, 2000),
while facilitation between predators could have the opposite effect.
Our results indicate that both inhibition and facilitation occur between
whelks and crabs feeding on mussels, although negative interactions
leading to foraging depression appear to be more significant. In natural
intertidal mussel beds, sea star and diving duck predation also

significantly affects mussel abundance (Hamilton, 2000; Navarrete
and Menge, 1996), and crabs and whelks could switch to alternative
prey (barnacles, periwinkles, etc.) when competition for mussels is
high. These factors could affect the outcomes of interactions between
crabs and whelks.

4.5. Conclusion

We observed emergent effects of interactions between predators of
mussels, with both intra- and interspecific interactions appearing to be
simultaneously important. Both competitive inhibition of whelks and
crabs by conspecifics and reduced feeding activity of whelks to avoid
IGP by crabs were observed, resulting in reduced predation of mussels.
A positive effect of whelks on feeding activity of crabs was observed.
This reduced the inhibitory effects that multiple crabs had on one an-
other. The opportunity for kleptoparasitism by crabs on larger mussels
partially consumed bywhelks could also have contributed to this effect.
Future work in this system should examine the nature and importance
of competitive inhibition between whelks, facilitation of green crabs by
whelks, the importance and extent of kleptoparasitism, and the role of
other predators in mediating these interactions and structuring the
community.
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