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Green crabs (Carcinus maenas) and dogwhelks (Nucella lapillus) frequently co-occur in intertidal communities
and are both intensive predators of blue mussels (Mytilus edulis). Kleptoparasitic interactions, whereby crabs
take prey from whelks, have been documented, although results from previous experiments are not consistent
with respect to the presence and frequency of such interactions, perhaps because of the sizes of crabs used.
We conducted a lab experiment to clarify the effects of interactions among crabs and whelks on consumption
of blue mussels. Crab density, size, and whelk presence were manipulated, and number of mussels and mussel
sizes consumed by crabs were assessed during a series of 10-day trials. In the absence of whelks, two small
crabs foraging together consumed no more prey than a single crab, suggesting substantial inhibition of feeding
through interference competition or other negative intraspecific interactions. Presence ofwhelks led to increased
consumption, either through a reduction of this interference or other stimulatory mechanisms. Such effects
were less apparent for large crabs and small crabs feeding without conspecifics. We found clear evidence of
kleptoparasitism in all crab treatments, though this feeding mode only contributed substantially to the diet of
small crabs in the presence of conspecifics. Small crabs feeding in pairs kleptoparasitized larger mussels than
they consumed independently, allowing them to exploit prey larger than they usually would. Our size-specific
results highlight the importance of considering predator size when studying such interactions.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Along the southern-Atlantic coast of Canada, two of the most
common predators of mussels are the green crab (Carcinus maenas)
and the dogwhelk (Nucella lapillus) (Crothers, 1968; Hughes, 1986)
(hereafter referred to as whelk). These species interact negatively
through inter- and intra-specific interference competition (Hughes
and Dunkin, 1984; Smallegange et al., 2006), exploitative competition,
intra-guild predation of whelks by crabs (Crothers, 1968), and various
trait-mediated indirect interactions driven by chemical risk cues
(Navarrete et al., 2000; Trussell et al., 2003). Agonistic behavior is
common among green crabs (Smallegange et al., 2006; Tanner and
Jackson, 2011), which can lead to changes in prey choice and feeding
behavior (Connell, 1961; Fletcher and Hardege, 2009). However,
whelk presence is known to increase foraging rates in crabs, possibly
through the use of chemical cues (Quinn et al., 2012; Wong et al.,
2012) and kleptoparasitic feeding (Quinn et al., 2012). Thus, when
whelks are present together with multiple crabs they may mitigate
Xavier University, 2320 Notre

ights reserved.
some of the negative effects on crab foraging rates that result from
conspecific interactions (e.g., Quinn et al., 2012).

Both crabs andwhelks prefer a restricted size range ofmussels based
on their body size (Ameyaw-Akumfi and Hughes, 1987; Enderlein et al.,
2003; Hughes and Dunkin, 1984) and foraging techniques differ
significantly between these two species. To feed on bivalve prey, crabs
typically chip or crush the shell, with larger crabs capable of feeding
on larger prey items. Whelks feed on bivalves by boring a hole through
the shell, injecting digestive enzymes inside (Crothers, 1985), and
extending their proboscis through the hole to ingest the digested
tissue (Rovero et al., 2000). Crabs forage during high tide, finding
shelter at low tide to avoid desiccation. For crabs, the amount of
time required to consume a prey item varies with size of predator
and prey, but is typically b1 h (M.L. Boudreau, pers. obs.). Conversely,
whelks typically remain firmly attached to their prey during the entire
length of prey consumption (through both high and low tide), which
for mussels can take 3–4 days (Bayne and Scullard, 1978; Burrows
and Hughes, 1989).

Kleptoparasitism, a form of interference competition that involves
the theft of a food item already acquired by another organism
(Smallegange et al., 2006), is an effective way to reduce searching and
handling time of prey (Osorno et al., 1992). The foraging technique
used by whelks makes it susceptible to kleptoparasitism for two im-
portant reasons. First, whelks have a substantial lag time between
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capture and digestion of prey (Crothers, 1985),which gives competitors
a chance to intercept this feeding process. Second, boring through the
shell of a prey item weakens its structure (Salierno et al., 2003) and
digestive enzymes weaken the adductor muscle keeping the mussel
closed. This weakened prey may be attractive to crabs as they would
have a lowered handling cost, and offers an opportunity for smaller
crabs to take advantage of larger prey items than would normally be
accessible. This advantage may be less important for larger individuals
because they are less restricted in the range of prey sizes that they can
consume (e.g., Elner and Hughes, 1978).

Results from previous studies of effects on foraging rate of inter-
actions between these species are conflicting. Wong et al. (2012)
determined that crab foraging was not affected by whelk presence in
two of three experiments, including a field experiment, while Quinn
et al. (2012) (using the same scale and cage design as Wong et al.'s
field experiment) found evidence of both an increase in prey con-
sumption by green crabs and kleptoparasitic behavior when in the
presence of whelks. Although differences in these results may be in
part due to differing predator densities, crabs used by Quinn et al.
(2012) were smaller (33–38 mm in shell width) than those used by
Wong et al. (2012) (~63 mm in shell width). Small crabs may have
benefitted more from the presence of whelks than would larger
ones. To test the hypothesis that crab size affects the extent to which
interspecific interactions influence crab feeding rates, and to further
examine the impact of kleptoparasitism on interactions between these
species, we conducted a lab experiment with crabs of different
sizes and densities foraging in the presence and absence of whelks.
We predicted that the presence of whelks would lead to increased
consumption of mussels by crabs, particularly when in the presence of
a conspecific. Further, we predicted that such an increase would be
greater for small crabs than for large crabs, and that kleptoparasitism
may contribute by allowing crabs to consume more and larger mussels
than when whelks are absent.

2. Materials and methods

2.1. Experimental set up

The experiment was conducted with a blocked design using 54-L
glass aquaria (0.6m long×0.3m wide×0.3m high) in a flow-through
system (see Wong et al., 2012 for additional details) at the Huntsman
Marine Science Center (St. Andrews, New Brunswick, Canada) between
5 August and 12 September 2010. Water temperatures ranged from
15 to 17 °C. Aquaria were grouped into four blocks each containing
one replicate of nine experimental treatments, randomly positioned.
Tanks were drained twice daily for 2 h and were maintained on a 13h
light/11h dark cycle tomimic natural tide and light conditions. Draining
and refilling took about 20 min to complete, which is consistent with
what predators would encounter in the intertidal zone (e.g., Boudreau
and Hamilton, 2012).

Crabs and whelks were maintained in aquaria with mussel prey
during 10-day trials. The nine treatments were as follows: one small
crab without whelks (1S−W), one small crab with whelks (1S+W),
two small crabs without whelks (2S−W), two small crabs with whelks
(2S+W), one large crab without whelks (1L−W), one large crab with
whelks (1L+W), two large crabs without whelks (2L−W), two large
crabs with whelks (2L+W) and a control with only mussels present.
In treatments with whelks present, 8 whelks were added to reflect
typical densities in this area (Quinn et al., 2012). Three rounds of trials,
each using new predators and prey, were conducted.

2.2. Predator and prey collection

Whelk and crab density and size along with mussel density were
determined based on preliminary surveys in the nearby intertidal
zone. All predators were collected at Pagan Point in St. Andrews,
New Brunswick (45°4′31.14″ N, 67°2′10.07″ W) within 20 m of the
mean low tide water line. Small crabs had a carapace width of
31–40 mm and large crabs were 45–54 mm. To avoid any behavioral
or morphological biases, and to be consistent with Quinn et al. (2012)
and Wong et al. (2012), only males who were in the inter-molt stage
(assessed based on shell hardness and color) with all appendages fully
intact were used. Whelks were 23–28mm in height, a typical size for
animals present in this area and consistent with Quinn et al. (2012).
All predators were starved for four days prior to each round to ensure
laboratory acclimation and uniform hunger levels.

Musselswere collected fromBar Road (St. Andrews, NewBrunswick,
45°6′4.41″ N, 67°3′18.54″ W), brought to the lab and sorted. We used
mussels of 25–50 mm in length because that reflects the typical size
range available in the area. While those mussels are large relative to
crab and whelk sizes chosen (Burrows and Hughes, 1991; Elner and
Hughes, 1978), both species are capable of eating within that range
(Elner, 1978; Hughes and Dunkin, 1984).

2.3. Aquaria set up

Within each aquarium, we placed two clay pot halves (~6.5cm high,
13.5 cm diameter) as predator shelters; no other substratum was
present. Aquaria were covered with metal mesh covers. Forty mussels
were placed in each tank to simulate a natural density in the area in
which crabs feed (based on preliminary surveys conducted by Quinn
et al. (2012) and Boudreau and Hamilton (2012)). To standardize
available mussel sizes we divided mussels into two size classes
(small=25–37.5mm, large=37.5–50mm) and used 20 mussels from
each class. Mussels were allowed to settle in the center of the aquarium
for 24 h prior to the experiment. Every experimental round began
between 20:00 and 22:00 h during a high tide with addition of first
whelks and then crabs. No low tides were given on the first night to
allow predators to adjust to their surroundings.

2.4. Data collection and predator checks

Eaten mussels were collected and frozen every other day to ensure
timely collection and minimize predator disturbance. During sampling
the number of mussels consumed was recorded and predators were
counted and examined. If predators were injured, missing or molting
(n= 5 of 144) they were removed and replaced with an animal held
under the same conditions.

Althoughmusselswere not heavily depleted by themidpoint of each
experimental round (~25% were consumed in tanks with two large
crabs and 12% or less in other treatments), to minimize potential effects
of decreased prey density on foraging rate we replaced eaten prey with
small mussels (because most of those consumed were b37.5 mm) on
day 5 of each round. At the end of each round all mussels were collected
and frozen for later analysis. There was virtually no mortality among
control mussels so no correction for non-predator mortality was
necessary within the experimental treatments.

2.5. Laboratory data collection

All mussels collected from tanks were sorted into four categories:
crab death, whelk death, kleptoparasitic death (combined crab and
whelk consumption), and alive. Crab deaths were identified as crushed
or cracked shells, and one mussel was considered to be either two
opposite halves of a shell or a left and right umbo (mussel hinge).
Whelk deaths contained a bore hole. Kleptoparasitized mussels had
both a bore hole and a chipped shell. This approach cannot exclude
mussels that were occasionally abandoned by whelks (possibly due to
satiation) (e.g., Hughes and Dunkin, 1984) and then taken by crabs,
though in this case crabs may have benefitted from weakened mussels.
Further,wemayhave underestimated the prevalence of kleptoparasitism
if crabs were able to consume mussels opened by whelks without



Table 1
Relevant post hoc comparisons associated with analyses of number of
mussels consumed in the different treatment combinations. To control for
multiple comparisons, the alpha level correction procedure of Benjamini
and Hochberg (1995) was applied, resulting in a critical α of 0.025.
Significant values are indicated in bold.

Post hoc comparisons Number of mussels

1L+W vs. 2L+W 0.001
1L−W vs. 2L−W 0.002
2L−W vs. 2L+W 0.52
1L−W vs. 1L+W 0.58
2S−W vs. 2S+W 0.025
1S−W vs. 1S+W 0.14
1S−W vs. 2S−W 0.56
1S+W vs. 2S+W 0.01
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Fig. 1. Mean number of mussels consumed by crabs in each treatment. Error bars
represent ±1 standard error. Results of statistical analyses are provided in the text and
in Table 1.
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chipping the shell, though based on personal observations of crabs
feeding on mussels, and on the state of partially eaten mussels (which
did not gape widely), that is unlikely.

When mussel length could not be measured due to shell damage,
we estimated length using a log-log relationship between umbo width
and mussel length (as in Hamilton, 1992). The equation was shell
length = 35.8 ∗ umbo0.36 (F1,346 = 268.0, R2 = 0.43, p b 0.001, 95%
confidence interval on slope = 0.32–0.4, intercept = 35.2–36.6).
The relatively low R2 suggests potential for error in these estimates.
However, only 73 of 960 mussels consumed by crabs required lengths
to be estimated. Further, 95% confidence limits on a predicted 50-mm
mussel, the maximum size used, were 47.4 to 53.1 mm, so the small
error introduced by this approach is unlikely to affect results.

2.6. Statistical analysis

All statistical analyses were carried out using SPSS Statistics 20
(SPSS, 2012). Data were assessed for homogeneity of variance using
Levene's test, and normality of residualswas assessed visually. Deviations
were corrected through log transformation.

Water temperatures differed between rounds (ANOVA F2,234=39.71,
pb 0.001). Block was therefore nested within round as a random factor
to control for temperature changes which could affect feeding rates
(Baldridge and Smith, 2008; Stickle and Bayne, 1987).

Total number of mussels consumed by crabs was analyzed using
a generalized linear model with a negative binomial distribution and
a log link function to accommodate count data. This was chosen
over the Poisson distribution on the basis of improved goodness of
fit (QIC model selection criteria). To determine if lengths of mussels
consumed non-kleptoparasitically differed between treatments, a
3-way fixed factor ANOVA was run with crab density, size and
whelk presence as fixed factors. For both analyses, when significant
differences were detected, post hoc tests were performed for selected
comparisons. Appropriate α-level corrections were applied following
Benjamini and Hochberg (1995).

To determine if lengths ofmussels consumednon-kleptoparasitically
and mussels consumed kleptoparasitically differed, and whether this
difference variedwith treatment, we calculated the difference in lengths
(within each tank) by subtracting the average mussel length consumed
in non-kleptoparasitic events from the averagemussel length consumed
kleptoparasitically for the four treatments in which kleptoparasitism
could occur. This difference was then analyzed using a mixed model
ANOVA with treatment fixed and block nested within round as a
random factor. Alpha level-corrected post-hoc t-tests, testing each
treatment against a null hypothesis of zero, were then performed.

3. Results

Both whelks and crabs consumed a broad range of mussel sizes
(whelks, mean = 39.1, range 24.6–48.8 mm; crabs, mean = 37.6,
range 25.1–49.7 mm plus six slightly below or above the intended
range). Whelks either fed (consumed whole mussels) or attempted to
feed (drilled holes but mussels were later taken by crabs) in 40 of 48
tanks. Of the 8 tanks in which they did not feed, four contained large
crabs and four small.

The total number of mussels consumed by crabs varied among
treatments (Wald Χ7

2 = 220.2, p b 0.001). Two large crabs ate more
mussels than one large crab when whelks were present and absent
(e.g., 2L +W vs. 1L +W; Table 1, Fig. 1) and the presence of whelks
did not increase foraging within large crab treatments (e.g., 2L−W vs.
2L+W; Table 1, Fig. 1). Single and paired small crabs consumed similar
numbers of mussels when whelks were absent (Table 1, Fig. 1).
However, when whelks were present there was increased foraging in
the two-small-crab treatment relative to single crabs (Table 1, Fig. 1).
For single small crabs, presence or absence of whelks (i.e., 1S − W
vs. 1S + W, Table 1, Fig. 1) had no significant effect on number of
mussels consumed. However, for treatments with two small crabs,
more mussels were consumed when whelks were present than absent
(Table 1, Fig. 1).

Kleptoparasitism occurred at a low frequency in all treatments. For
large crabs eating alone and in pairs, 0.38 (±0.37; mean± SEM) and
1.5 (±0.34) mussels were kleptoparasitized, respectively (7.7% of the
mean total consumed for single crabs, 7.4% of themean total consumed
for paired crabs). In both cases kleptoparasitism was not related to an
increase in total prey consumed (Fig. 1). Small crabs eating alone
consumed an average of 1 (±0.28) mussel per tank kleptoparasitically
(28% of mean total consumed), and again this was unrelated to an
increase in total prey consumption. Pairs of small crabs consumed an
average of 1.08 (±0.40) mussels this way (14% of the mean total
consumed), about 29% of the total increase in consumption relative to
pairs foraging without whelks (Supplement 1).

Lengths of non-kleptoparasitizedmussels eaten by crabs did not vary
with crab size (F1,77=1.65, p=0.20), number (F1,77=0.71, p=0.40), or
presence/absence of whelks (F1,77 = 0.05, p = 0.83). However, the
difference in size between kleptoparasitized and non-kleptoparasitized
mussels (the extent to which kleptoparasitized mussels were larger)
did vary between treatments (F3,12 = 4.99, p = 0.02, Fig. 2). Mussels
consumed via kleptoparasitism were larger than those consumed
independently by crabs only when two small crabs were maintained
with whelks (t5 = 3.8, p = 0.01, Fig. 2A); large crabs and crabs kept
alone did not show this pattern (p=0.33–0.86, Fig. 2).
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Fig. 2. Mean difference between size of mussels eaten via kleptoparasitism and those
eaten by crabs alone in each tank for A) small crabs and B) large crabs. Abbreviations
are as follows: 1Small + W = 1 small crab with whelks, 2Small + W = 2 small crabs
with whelks, 1Large +W= 1 large crab with whelks, and 2Large +W= 2 large crabs
with whelks. Error bars represent ±1 standard error. Results of statistical comparisons
are provided in the text.
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4. Discussion

4.1. Effect of conspecifics on crab consumption of mussels

Agonistic behavior is a common interaction among green crabs
(Griffen and Williamson, 2008; Smallegange et al., 2006; Tanner and
Jackson, 2011). One such interaction, interference competition, can
lead to changes in prey choice and feeding behavior (Connell, 1961;
Fletcher and Hardege, 2009). Crabs videotaped under the same
conditions as this study spent the majority of their time fighting or
in conspecific avoidance (75% of the time for large crabs and 87%
for small crabs; M.L. Boudreau, unpublished data), strongly suggesting
that crabs in our study were affected by negative conspecific
interactions. In the absence of whelks, pairs of small crabs consumed
no more mussels than single crabs, suggesting a substantial negative
effect on feeding rates for individuals in pairs. Effects were not
as substantial for large crabs, though some feeding suppression in
pairs was evident. Other studies (e.g., Quinn et al., 2012; Smallegange
et al., 2006) have shown similar decreases in feeding rates for crabs
when conspecifics are present, even when exploitative competition is
eliminated, as it was in this study with the replacement of consumed
mussels during trials.

4.2. Effect of whelks on crab consumption of mussels

Interactions between two species can increase the feeding rate
of one or both species through chemical cues (Hughes and Dunkin,
1984) and other behavioral mechanisms (Dill et al., 2003), and this
can occur even when predators compete for similar prey (Eklov and
VanKooten, 2001). In our study, presence of whelks had a positive effect
on crab feeding rate for small crabs foraging in pairs. Small crabs
consumed roughly double the number of mussels in the presence of
whelks than without whelks, suggesting that the negative effects of
conspecific interactions were eased. The same did not occur for single
crabs, or for large crabs either alone or paired. Quinn et al. (2012)
found a similar positive interaction between these species, noting an
increase in biomass consumption by small crabs in the presence of
whelks. Also in agreement with our results for large crabs, Wong et al.
(2012), working with larger crabs in the same experimental units as
we used, found no such positive effects.

Our findings suggest that predator size is an important consideration
in examining the effects of interactions among these species. The nature
of inter and intra-specific interactions among predators can be substan-
tially influenced by the size of individuals involved (Emmerson and
Raffaelli, 2004; Nakata and Goshima, 2003; Osenberg and Mittelbach,
1989). Body size can influence the outcome of competition for shelter
and other resources (Englund and Krupa, 2000; Nakata and Goshima,
2003) and is important in the choice of foraging technique and prey
(Elner and Hughes, 1978; Osenberg and Mittelbach, 1989).

4.3. Importance of kleptoparasitism

Although kleptoparasitism appeared to be responsible for a rela-
tively small portion of crab foraging (see below), the difference in our
results between small and large crabsmay stem in part from differences
in its importance between the two groups. Among large crabs,
kleptoparasitically-eaten mussels accounted for only about 7.5% of the
total number of mussels consumed, and these mussels were not larger
than those eaten independently by crabs. Therefore, kleptoparasitism
likely did not provide enough additional food to be used as a common
foraging tactic. Hence, the presence of whelks and the resulting
opportunities for kleptoparasitism were not of great benefit to large
crabs. The use of even larger crabs, combinedwith amuch lower density
of whelks and limited whelk feeding, may explain why Wong et al.
(2012) did not observe kleptoparasitism in their experiments.

Conversely, mussels consumed kleptoparasitically by small crabs
constituted a greater proportion of prey consumed (21%), and for
crabs foraging in pairs, kleptoparasitically-consumed mussels were
larger than mussels eaten independently. Thus, kleptoparasitism may
represent a more widely used feeding mode for animals of this size.
Smaller crabs are limited in the size of prey they can consume (Elner
and Hughes, 1978; Enderlein et al., 2003; Juanes, 1992; Smallegange
et al., 2006), and kleptoparasitism may have freed them from this size
restriction. We speculate that this increase in size of prey consumed
through kleptoparasitism occurred only in the 2-crab treatment
because interference competition forced small crabs outside their
normal foraging size range (e.g., prey switching due to antagonism:
Quinn et al., 2012; Rovero et al., 2000; Sneddon et al., 1997).

Based on observed feeding rates, approximately 29% of the addi-
tionalmussels consumed by small crab pairswhenwhelkswere present
relative to absent can be attributed to kleptoparasitism, and the re-
mainder to other factors, possibly stimulation from whelk foraging
(discussed in Quinn et al., 2012; Supplement 1). Further, approximately
70% of the mussels consumed via kleptoparasitism were larger than
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the mean size consumed independently (Supplement 1), allowing
the animals to not only take more prey, but also larger prey and
therefore ingest more biomass. Quinn et al. (2012) speculated that
kleptoparasitismmay have been driving similar facilitative interactions
noted between crabs and whelks. Our results support this hypothesis.

4.4. Conclusion

Our study shows that kleptoparasitism contributes to facilitative
interactions between green crabs andwhelks, and that these interactions
are size-specific. Kleptoparasitism was not a prominent foraging tactic
for large crabs, perhaps because mussels of the sizes available in this
study were generally accessible to them. It was more common for
small crabs which are limited in prey sizes they can consume. When
small crabs fed in pairs, kleptoparasitism contributed to an increase in
food consumption and allowed crabs to consume larger mussels then
they could have on their own, increasing their energy gains. Our results
highlight the importance of considering predator and prey size when
studying interactions among and within species. Quinn et al. (2012)
andWong et al. (2012) came to different conclusions about howwhelks
affect crab foraging. It is likely that these different conclusions were
driven in part by the different sizes of predators used, coupled with
different densities of whelks and whelk foraging rates. Future work
should carefully consider predator size, and if the intent is to extrapolate
results of experiments to field conditions, care should be taken to match
experimental conditions to the natural size structures and densities of
both predators and prey.
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