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therefore, while these two foraging interactions appear 
superficially similar, they have very different implications 
and should be carefully distinguished in future studies.

Introduction

Both scavenging and kleptoparasitism involve one organism 
opportunistically obtaining a food item (Anderssen 1976; 
Barnard and Sibly 1981). These foraging modes have been 
documented in several different taxa, including among birds 
(Anderssen 1976; Norris and Johnstone 1998), terrestrial 
mammalian carnivores (Mattisson et al. 2011; Elbroch et al. 
2015), and invertebrates (Morissette and Himmelman 2000; 
Smallegange et al. 2006), and are considered effective mech-
anisms to reduce search and handling times (Osorno et al. 
1992; Chakravarti and Cotton 2014). Scavenging is defined as 
feeding on dead animal material present in the environment 
(Getz 2011) and can be used during times when live food or 
prey items are scarce or difficult to obtain. However, a stricter 
definition of scavenging, hereafter termed “scavenging sensu 
stricto” (adhered to in the present paper from here on), is 
more often used in the literature (e.g., Höner et al. 2002; Iyen-
gar 2008; Getz 2011), whereby scavenging occurs when one 
organism (primary forager) abandons its food or prey item 
of its own volition, for example due to satiation, and then 
the abandoned food is found and eaten by another organism 
(secondary forager, or scavenger) (Yamahira and Yano 2000; 
Morton and Jones 2001; Höner et al. 2002). Kleptoparasitism 
can be viewed as a specific sub-type of scavenging distinct 
from this strict-sense definition, which includes a confron-
tational component: theft (Vollrath 1984). This results in the 
loss of food which the primary forager (host) would consume 
were it not stolen by the secondary forager (kleptoparasite) 
(Barnard and Sibly 1981; Vollrath 1984).
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While such foraging modes have been documented 
across taxa, there seems to be a pervasive lack of consist-
ency throughout much of the ecological literature in the 
extent to which they are unequivocally distinguished from 
one another in the systems in which they occur. Several 
studies have observed direct evidence of both foraging 
modes among the same predatory species, for example 
among harvestmen and crab spiders (Morse 2001), web-
invading spiders (Kerr 2005), and hyaenas and lions (Höner 
et al. 2002). However, other studies documented klep-
toparasitism but did not consider scavenging, for exam-
ple among black bears and pumas (Elbroch et al. 2015) 
or among multiple species of sea stars, crabs, and whelks 
feeding on clams (Morissette and Himmelman 2000). Dis-
tinguishing which type of foraging mode occurs within a 
system matters and can impact inferences made from food 
web models as these behaviors differ in terms of their 
outcomes to the foragers involved. While scavenging is a 
commensal interaction, + for the scavenger and 0 for the 
primary forager (Getz 2011), kleptoparasitism is a para-
sitic interaction, + for the kleptoparasite and − for the host 
(Iyengar 2008), and therefore their impacts are not equal.

The distinction between scavenging and kleptoparasit-
ism is thus of general importance in studies of trophic ecol-
ogy. It is also important in systems where invasive species 
are under consideration. Predation (Snyder and Evans 2006; 
Schofield 2010), scavenging (Brown et al. 2015), or both 
(Snyder and Evans 2006; Gherardi 2007) by many invad-
ers can have strong impacts on feeding rates and persistence 
of native fauna and nutrient cycling in marine and coastal 
ecosystems. Many invasive crustaceans have particularly 
strong impacts because they feed on sessile invertebrates 
like mussels and barnacles that are primary space occupi-
ers, the abundances of which control diversity and food web 
dynamics (Menge and Sutherland 1976; Menge and Branch 
2001). As introductions and subsequent invasions have been 
occurring continuously over the last century or more (e.g., 
Carlton and Cohen 2003; Snyder and Evans 2006) and are 
unlikely to halt in the foreseeable future, it is important that 
efforts are made to predict the potential impact of future 
invasions on communities (e.g., Branch and Steffani 2004). 
Doing so should allow the vulnerability versus resiliency of 
a given community to invasions to be estimated and inform 
mitigations. One way that such predictions might be made 
is by investigating the role of the invader in communities in 
which it is already established to better quantify its trophic 
roles and interactions with other species (e.g., Boudreau 
2011; Wong and Dowd 2015). This requires accurate infor-
mation about the frequency and impacts of all foraging 
interactions among invaders and native species, including 
scavenging and kleptoparasitism.

The green shore crab, Carcinus maenas, plays a promi-
nent role as a predator and scavenger (Crothers 1968) in 

many marine habitats (Smallegange et al. 2006; Boudreau 
and Hamilton 2012; Wong and Dowd 2015). Originating 
in Europe, this species has been introduced to almost every 
continent in the world by human shipping (Carlton and 
Cohen 2003; Klassen and Locke 2007). Green crab preda-
tion reduces abundances of prey species such as clams (Beal 
2006), mussels (Quinn et al. 2012; Cockrell et al. 2015), bar-
nacles (Crothers 1968; Trussell et al. 2003) and others (peri-
winkles: Trussell et al. 2003; juvenile lobsters: Haarr and 
Rochette 2012); many of these are primary space occupiers 
that control diversity and food web dynamics (e.g., mussels; 
Boudreau and Hamilton 2012). In well-studied marine costal 
systems where green crab invasions have occurred (Atlantic 
coast of North America), it has been shown that green crabs 
reduce feeding by other predators through competition for 
shared food resources (e.g., native crabs: Grosholz et al. 2000; 
whelks, sea stars, and birds: Boudreau and Hamilton 2012) 
and pose as potential predators to intermediate consum-
ers (e.g., whelks: Trussell et al. 2003). As such, the addition 
of this predatory species feeding on the same prey as native 
ones creates the potential for non-additive predation through 
competition, intraguild predation, or facilitation (Quinn et al. 
2012; Wong et al. 2012). Invasion of a marine community by 
the green crab can therefore result in marked changes through 
trophic interactions between this invader and native species 
(Menge and Branch 2001; Snyder and Evans 2006).

An interesting form of interference competition occurs 
when green crabs and dogwhelks are feeding on mussels 
in the same environment, in which a mussel is initially 
attacked by a whelk and then by a crab (Morton 2011; 
Quinn et al. 2012; Boudreau et al. 2013). Previous studies 
have concluded either kleptoparasitism (Quinn et al. 2012) 
or scavenging (Morton 2011) as the mode of foraging 
involved via indirect evidence (shells post-consumption; 
see Fig. 1) without consideration of alternative explana-
tions. In reality, such mussels could represent either klep-
toparasitism or scavenging; therefore, such interactions 
may have been misidentified. The extent to which scav-
enging and kleptoparasitism play a role in this and other 
systems needs to be investigated, as they may impact con-
clusions of the strength and direction of interactions among 
species. The goals of the present study were to (1) develop 
models of scavenging and kleptoparasitism in this system, 
(2) assess the validity of conclusions within previous stud-
ies looking at scavenging or kleptoparasitism in the green 
crab, and (3) assess how these interactions differ in terms of 
their impacts on feeding rates in this system. Mathematical 
models were developed to represent foraging rates of crabs 
and whelks under different simulated feeding scenarios, 
including models of both scavenging and kleptoparasitism, 
which were then compared to each other and to reported 
foraging rates to determine the likelihood of occurrence of 
each type of behavior and potential impacts of each.
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Materials and methods

Mathematical models

Model basics

Results of previous studies of green crabs and dogwhelks 
feeding on mussels (e.g., Quinn et al. 2012; Wong et al. 
2012; Boudreau et al. 2013) were used to create mathemat-
ical models of the biomass or energy obtained from mussel 
prey items by a predator(s) under kleptoparasitic (hereafter 
K) or scavenging (hereafter S) conditions. The foraging rate 
(g mussel consumed × unit time−1) of each predator (FRWi 
and FRCi for a whelk or crab, respectively) on the ith prey 
item (mussel) can be described as follows:

in which the numerator (Mi) represents the potential total 
biomass within a particular prey item and the denomina-
tor represents the actual time taken to consume the mus-
sel. When the predator is alone the actual time is equal to 
the “idealized” time that should be taken by it to consume 
the mussel (ti(W) or ti(C)). This time depends on mussel size 
(shell length, SLi) relative to the predator, such that larger 
mussels require longer handling times (Hughes and Dunkin 
1984; Enderlein et al. 2003). As both predators feed on 

(1)FRWi =
Mi

IW(W)IW(C)ti(W)

(2)FRCi =
Mi

IC(C)IC(W)ti(C)

different sizes of mussels (Quinn et al. 2012) and at dif-
ferent rates (Wong et al. 2012), ti(W) differs from ti(C) for 
a mussel of a particular size. To model this relationship, 
mean ti(W) or ti(C) were calculated by taking the inverse of 
per-capita foraging rates assessed in terms of numbers of 
mussels eaten for each combination of predators used in 
Quinn et al. (2012) and then nonlinear regression was used 
to derive equations modeling this relationship. These data 
were found to be best represented by power equations over 
the range of mussel sizes examined. Therefore, the time 
needed to consume a mussel of a given size could thus be 
estimated using Eqs. (3) and (4) below:

Intraspecific and interspecific interactions

The actual time to consumption (Eqs. 1, 2) is modified from 
the idealized time (Eqs. 3, 4) by intraspecific effects (IW(W) 
and IC(C) = effects of conspecific densities on feeding time) 
and interspecific effects (IW(C) = effect of crab presence on 
whelk feeding time, IC(W) = effect of whelk presence on 
crab feeding time). Intraspecific effects depend on preda-
tor numbers (NW and NC) in a fixed-sized area. Dogwhelks 
are positively influenced by conspecifics at low densities 
(2 ≤ NW ≤ 4; Wong et al. 2012), meaning that IW(W) becomes 
<1.0 (its value when NW = 1) and reduces actual feeding 

(3)ti(W) =
(

8× 10−7
)

SL4.557
i

(4)ti(C) =

(

3× 10−12
)

SL7.717
i

Fig. 1  Shells of predated mussels collected from the location of the 
study of Quinn et al. (2012) showing indirect evidence of a dogwhelk 
predation only (W = whelk bore hole), b green crab predation only 

(C = sites of chipping and crushing), and c both (both C and W pre-
sent on same mussel), which could represent kleptoparasitism and/or 
scavenging. All scale bars = 2 cm
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times. At higher densities (NW > 4; Hughes and Dunkin 
1984; Morton 2010; Quinn et al. 2012), whelks also begin to 
inhibit one another through intraspecific competition, which 
reduces feeding rates relative to those at lower densities 
(Quinn et al. 2012), increases actual feeding time, and makes 
IW(W) approach or exceed 1.0. Green crabs are inhibited by 
conspecifics at any density (Smallegange et al. 2006; Quinn 
et al. 2012; Boudreau et al. 2013) so if NC > 1, then IC(C) will 
be >1.0 due to competition among crabs (Quinn et al. 2012), 
lengthening feeding time and reducing feeding rate.

Interspecific effects depend on the presence or absence 
of heterospecific predators, such that if the other species 
is absent, feeding times do not deviate from ti (IW(C) or 
IC(W) = 1.0). Both predatory species impede one another’s 
feeding via interspecific exploitative competition (Smal-
legange et al. 2006). Whelks additionally reduce forag-
ing activity in the presence of ≥1 crab(s) as a mechanism 
evolved for predator avoidance because crabs occasion-
ally prey on them (Vadas et al. 1994; Trussell et al. 2003; 
Aschaffenberg 2008); IW(C) thus becomes >1.0 when crabs 
are present, making actual feeding time longer. Importantly, 
while this reduction could involve whelks abandoning prey, 
it mainly occurs via lowered whelk predation incidence and 
longer consumption times (Quinn et al. 2012; Wong et al. 
2012). Whelk presence has been observed to have a stimu-
latory effect on crab feeding that exceeds potential nega-
tive effects of intraspecific interference competition (Quinn 
et al. 2012; Wong et al. 2012; Boudreau et al. 2013). In the 
presence of ≥1 whelk(s), crab feeding rate thus increases 
due to this stimulation (Quinn et al. 2012; Wong et al. 
2012; Boudreau et al. 2013), resulting in actual feeding 
times becoming shorter (IC(W) < 1.0). Because of inter-
specific effects, even when a whelk or crab feeds on and 

completely consumes a mussel (i.e., without kleptopara-
sitism or scavenging occurring), its feeding rate when in 
the presence of another predatory species will differ from 
that when it fed alone, or with conspecifics (see Table 1); 
therefore, the amount of mussel biomass consumed within 
a given fixed time interval will also be different.

Intraspecific effects (IW(W) and IC(C)) were calculated 
by dividing the mean foraging rate at a given conspecific 
density by that of a predator alone in previous studies 
(Quinn et al. 2012 and Wong et al. 2012), and then taking 
the inverse of this value to transform it into a multiplier of 
time rather than of amount or rate of feeding. While it is 
uncertain how comparable laboratory and field results are, 
data on one whelk foraging alone (Wong et al. 2012) was 
required in order to avoid great underestimations of whelk 
foraging rates (results not shown). Interspecific effects 
(IW(C) and IC(W)) were similarly calculated by dividing per-
capita foraging rates of one predatory species in the pres-
ence of the other by that without the other present, at the 
same density, and taking the inverse of this ratio (see Quinn 
et al. (2012) for densities). Estimated values for these intra- 
and interspecific effects are plotted in Fig. 2.

Foraging rates of individual whelks and crabs on a 
single mussel under several different feeding situations 
(one predator alone, with conspecifics only, both species 
together without scavenging (S) or kleptoparasitism (K), S, 
and K) are outlined in Table 1 and described below. When 
K and S are included, these models become somewhat more 
complex (Table 1) with the introduction of a new factor, 
designated ‘E’, to represent the amount of “extra” biomass 
leftover after whelk predation occurs, so that whelk feed-
ing rates are therefore based on Mi minus E, while gains of 
crabs are based on E alone.

Table 1  Theoretical foraging 
rates (biomass or energy 
gained × unit time−1) of 
individual whelks and crabs 
in different foraging scenarios 
feeding on one mussel

Symbols used are described in detail in the text. Where a given value would = 1.0 (no effect), it is omit-
ted for clarity. Subscripts indicate different foraging scenarios, specifically: 1 = one predator only; 
Intra = other intraspecific predators only; Inter1 = both species present, whelk eats mussel; Inter2 = both 
species present, crab eats mussel; S = scavenging; K = kleptoparasitism

# Scenario Whelk Crab

1 One whelk (IW(W) = IW(C) = 1.0) FRW1 =
Mi

ti(W)

N/A

2 One crab (IC(C) = IC(W) = 1.0) N/A FRC1 =
Mi

ti(C)

3 Whelk-only (IW(C) = 1.0) FRWIntra =
Mi

IW(W)ti(W)

N/A

4 Crab-only (IC(W) = 1.0) N/A FRCIntra =
Mi

IC(C)ti(C)

5 Whelk + Crab, Whelk eats FRWInter1 =
Mi

IW(W)IW(C)ti(W)

FRCInter1 = 0

6 Whelk + Crab, Crab eats WInter2 = 0 CInter2 =
Mi

IC(C)IC(W)ti(C)

7 Scavenging WS =
Mi−ES

IW(W)IW(C)tS(W)
CS =

ES

IC(C)IC(W)tS(C)

8 Kleptoparasitism WK =
Mi−EK

IW(W)IW(C)tK(W)
CK =

EK

IC(C)IC(W)tK(C)
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Predator satiation

Satiation (Pt) of a predator, or the proportion of the preda-
tor’s stomach that is filled with food up to a particular time, 
t, can be calculated as the total amount of mussel biomass 
consumed up to that point (Mprev) divided by the predator’s 
stomach capacity (V):

To estimate V of an “average” whelk used by Quinn 
et al. (2012) for use in models in the present study, total 
biomass consumed by whelks was divided by the length of 
experimental time (14 days) and the number of whelks pre-
sent, assuming satiation occurred by the end of the experi-
ment. This is perhaps an over-estimate (especially if satia-
tion occurred much sooner than 14 days), though it is not 
completely unreasonable given previous reports of very 
low dogwhelk feeding rates (e.g., 10 tidal cycles or more 
to consume one mussel: Hughes and Dunkin 1984). This 
value averaged 0.236 ± 0.017 g, n = 30. Estimated stom-
ach capacity of a crab could have also been estimated using 
similar procedures, but it is uncertain whether crabs actu-
ally reached the point of satiation. For instance, mussels 
partially consumed by whelks were often found, but mus-
sels predated by crabs were always fully consumed (Quinn 
2010), so it is unlikely that satiation occurred within 
14 days of foraging on mussels for these crabs.

When a whelk predator is completely satiated 
(PW = 1.0) it should cease feeding, and may potentially 
abandon its prey item (Burrows and Hughes 1991), leaving 
it open to S by crabs if present. Given the potential effects 

(5)Pt =
Mprev

V

of intra- and interspecific interactions (IW(W) and IW(C)) on 
whelk feeding rate over a particular time period described 
above, Mprev in Eq. (5) can be defined as the sum of mus-
sels consumed through all feeding modes, as:

If a whelk begins feeding on a new mussel (the jth mus-
sel) at a particular time, t + 1, then, the potential satiation 
of the whelk after eating that mussel is

The potential amount of leftover biomass for S can thus 
be determined as follows:

If the condition in Eq. (8) is true, then no S can occur; 
if that in Eq. (9) is true, then ES biomass is abandoned and 
potentially available to crabs through S. Whelk satiation as 
a result of consuming a mussel under various foraging sce-
narios is summarized in Table 2.

When a mussel is very large relative to the whelk feed-
ing on it, a satiated whelk can leave behind much edible tis-
sue in the injured/killed mussel’s shells if it becomes sati-
ated while feeding and then abandons the food item; this 
abandoned biomass (ES) is potentially available to scaven-
gers (Table 1). Ultimately, so long as the whelk abandons 

(6)Mprev =

j−1
∑

i=1

1

IW(W)IW(C)ti(W)

(Mi − EK )

(7)Pt+1 =

Mprev +
1

IW(W)IW(C)ti(W)

(

Mj − EK

)

V

(8)IfPt+1 ≤ 1.0, ES = 0

(9)

If Pt+1 > 1.0, ES =

{

Mprev +
1

IW(W)IW(C)ti(W)

Mj

}

− V

Fig. 2  Estimated values for a whelks (solid symbols) and b crabs 
(open symbols) of different parameters of effects (IW(W) and IC(C)) of 
intraspecific density (# conspecific predators, x-axes) and interspe-
cific effects (IW(C) and IC(W)) of presence of other predatory species 
(dashed lines and circles = present, solid lines and squares = absent) 
on modeled foraging rates. Values <1.0 represent facilitation (faster 
feeding, shorter feeding times), while those >1.0 represent inhibition 
(slower feeding, longer feeding times)

Table 2  Whelk satiation (PW) in each of the foraging scenarios out-
lined in Table 1 that included whelks (scenarios 2 and 4, which did 
not include whelks, are omitted). Symbols are as defined in the text 
and caption for Table 1. Note that in Scenario #7 (Scavenging), the 
value ES (in Table 1) is not included in the calculation of whelk satia-
tion, so PS = PInter1 (see text for explanation)

# Scenario Whelk satiation

1 One whelk
P1 =

Mprev+
1

ti(W)
Mj

V

3 Whelk-only
PIntra =

Mprev+
1

IW(W) ti(W)
Mj

V

5 Whelk + Crab, Whelk eats
PInter1 =

Mprev+
1

IW(W)IW(C) ti(W)
Mj

V

6 Whelk + Crab, Crab eats PInter2 = 0

7 Scavenging
PS =

Mprev+
1

IW(W)IW(C) tS(W)
Mj

V
= PI1

8 Kleptoparasitism
PK =

Mprev+
1

IW(W)IW(C) tK(W)
(Mj−EK)

V
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this tissue due to satiation being reached, then satiation of 
the whelk during S is the same as that during whelk forag-
ing in the presence of a crab (Table 2); so ES is not a cost 
to the whelk in this specific case. In K, however, the whelk 
would have consumed at least part of the biomass included 
in ‘E’ if given the chance, but interference by the crab’s 
theft removes this potential energy; thus, the whelk is not 
satiated (PK < PS; Table 2) and EK is considered a cost to 
the whelk (Iyengar 2008).

Cumulative equations

Ultimately, there is a need to distinguish mussels consumed 
via regular consumption (in different intra- and/or inter-
specific contexts), K, and S, in order to estimate biomass 
consumption and foraging rates (Table 1). For example, 
to accurately calculate the overall foraging rate of an indi-
vidual whelk or crab over a particular experimental time 
period, one should use the following cumulative equations

of whelks abandoning mussel prey items in the absence of 
crabs (Quinn et al. 2012; unpubl data), representing mus-
sels that would presumably be available to crabs for scav-
enging if they were present (P(S)), to the combined inci-
dence of mussel abandonment by whelks and observed 
apparent kleptoparasitism (P(S + K)) at the same den-
sities (low or high) in the presence of crabs. P(S) and/or 
P(S + K) was calculated by counting the total number of 
mussels bored by whelks (Fig. 1a) but not fully consumed 
(=abandoned mussels) or showing evidence of both whelk 
and crab predation (=apparent K; Fig. 1c) and dividing this 
number by the total number of mussels eaten by whelks. 
If P(S + K) of whelks and crabs together at a particular 
density was not significantly different from P(S + K) of 
whelks alone (equivalent to P(S)), then apparently klep-
toparasitized mussels likely represented cases of scaveng-
ing only, in which crabs simply took advantage of aban-
doned mussels left by satiated whelks in their environment. 
However, if P(S + K) was significantly higher with crabs 

(10)FRW =

∑N(MW )
i=1 Mi +

∑N(MS)
i=1 (Mi − ES)+

∑N(MK )
i=1 (Mi − EK)

∑N(MW )
i=1

(

IW(W)IW(C)ti(W)

)

+
∑N(MS)

i=1

(

IW(W)IW(C)tS(W)

)

+
∑N(MK )

i=1

(

IW(W)IW(C)tK(W)

)

(11)FRC =

∑N(MC)
i=1 Mi +

∑N(MS)
i=1 ES +

∑N(MK )
i=1 EK

∑N(MC)
i=1

(

IC(C)IC(W)ti(C)
)

+
∑N(MS)

i=1

(

IC(C)IC(W)tS(C)
)

+
∑N(MK )

i=1

(

IC(C)IC(W)tK(C)

)

in which N(MW), N(MC), N(MS), and N(MK) are the total 
numbers of mussels consumed via whelks alone, crabs 
alone, S, and K, respectively, tS(W) and tK(W) are the time 
intervals during which the whelk handled a mussel that 
was later abandoned or stolen, and tS(C) and tK(C) are the 
time periods taken by crabs to consume scavenged or sto-
len mussels. Importantly, this model could potentially be 
extended with modification to other species and systems 
to differentiate impacts of different foraging interactions in 
them, including K and S.

Validating and quantifying K and S occurrence

Models were parameterized and the occurrence of S and 
K validated using published data (foraging rates and sizes 
of mussels consumed by each predator) from Quinn et al. 
(2012), as well as some unpublished data (rates of mussel 
abandonment by whelks and apparent kleptoparasitism) 
from that same study. Other studies that investigated K or 
S by crabs (Boudreau et al. 2013; Morton 2011) could not 
be used for these purposes because sufficient data could not 
be obtained.

To assess the potential for S and K to have occurred in 
Quinn et al. (2012), we compared the rate of occurrence 

than without at the same density, it is conceivable that the 
additional mussels represented kleptoparasitism by crabs. 
To determine which of the above was the case, P(S + K) 
and P(S) were compared among predator densities (low and 
high) and species compositions (whelks and crabs together 
versus whelks alone) with a two-way ANOVA. P(K) was 
compared between low and high densities with a simple 
one-way ANOVA performed on mixed-species results. 
Data in all of these analyses were proportions, the square 
roots of which were arcsine-transformed to meet assump-
tions (homogeneity of variances and normality of residuals) 
of parametric tests (Ahrens et al. 1990). For clarity, propor-
tional data were plotted and discussed as percentages (see 
“Results” section). All statistical analyses were carried out 
in IBM SPSS Statistics 22 (SPSS Inc. 2014).

Model simulations of different foraging modes 
in realistic mussel patches

To assess whether mussels with signs of whelk and crab 
predation reported in Quinn et al. (2012) represented cases 
of S or K, simulations of different predation conditions and 
foraging scenarios were carried out using the mathematical 
models outlined above applied to simulated mussel patches 
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with densities and size distributions corresponding to those 
assessed in that study Six predation conditions were mod-
eled that mimicked those tested in Quinn et al. (2012). To 
assess differential impacts of S and K by crabs, different 
predation scenarios were examined under conditions that 
included multiple predatory species, including those that 
allowed no S or K, S-only, K-only, and both S and K permit-
ted (S + K). Simulations were carried out via code written 
in FORTRAN 90/95 compiled and ran in a virtual ubuntu 
10.10 Linux instance (Canonical Ltd. 2012). Patches con-
taining a similar mussel density (n = 186 per patch) and 
size distribution (mean SL ± SE = 39.1 ± 0.356 mm) to 
Quinn et al. (2012) were randomly generated and subjected 
to the different predatory densities over the same amount 
of experimental time (using a daily time step). On the first 
simulated day, each predator selected a mussel on which 
to begin feeding. While whelks (which were non-selec-
tive; Quinn et al. 2012) picked mussels at random, crabs 
tended to select mussels of smaller (mean size chosen: 
35.8 ± 0.331 mm) sizes (Quinn et al. 2012), so a Gaussian 
probability function corresponding to the mean and vari-
ance of mussel sizes eaten by crabs was used to control the 
likelihood of a crab selecting a mussel based on its size; 
mussels within a patch closer to 35.8 mm SL were more 
likely to be selected by a crab than those larger or smaller 
than this.

Once a predator had selected a mussel prey item, the 
amount of tissue (g) consumed per day and cumula-
tively was then calculated using the mathematical model 
Eqs. (1–11) outlined above (see also Table 1). Whelk satia-
tion was initially set to zero, and then updated at the end 
of each simulated day based on total biomass consumed up 
to that point and an estimated whelk stomach capacity of 
0.236 g (calculated from data from Quinn et al. (2012), see 
above and Table 2). If whelk satiation during a particular 
day reached or would exceed 1.0, the whelk abandoned all 
remaining biomass within the mussel on which it was feed-
ing. On the following day, satiation was reset to zero and 
the whelk chose a new mussel on which to feed. This was 
done for the purposes of simulations as data were not avail-
able to assess whelk digestion rates. Crabs were assumed 
to never reach satiation in these simulations. If a mussel 
was fully consumed by a predator at <1.0 satiation during 
a model time step, then on the same day a new mussel was 
selected, as outlined above.

In mixed-species simulations that allowed S to occur, 
any mussel abandoned by a satiated whelk could poten-
tially be “found” and consumed by a crab via S. Because 
natural frequencies of occurrence of S by crabs on whelk-
abandoned mussels could not be unequivocally quantified 
based on previous work, probability of S was arbitrarily set 
to 50 %. In simulations that allowed K to occur, any mussel 
being consumed by a whelk at any time step was vulnerable 

to theft. Incidence of K on a given day was set to 19 % 
(determined in P(K) analyses described in previous sec-
tion). Whether S or K actually occurred was determined by 
random number generation of values between 1 and 100; if 
the value returned was ≤50 (for S) or 19 (for K), then these 
events occurred; otherwise, they did not. Intraspecific K or 
S among whelks or crabs also occurs in nature but was not 
included in these simulations to avoid additional complexi-
ties and uncertain parameter estimates; however, intraspe-
cific effects (IW(W) and IC(C)) may have partially accounted 
for the effects of such interactions.

For each combination of predators, total foraging rates 
(g day−1) by all predators present and whelk satiation was 
calculated and rates were compared to observed values by 
Quinn et al. (2012) via a two-way ANOVA, with predator 
density (low or high) and predation scenario (observed, 
no S or K, S-only, K-only, and S + K) as factors. Post hoc 
comparisons were made using Tukey’s Honestly Significant 
Difference (HSD) test. If a significant interaction occurred, 
planned post hoc comparisons were made using Tukey’s 
HSD test between (1) high and low density for each pre-
dation scenario and (2) among all five predation scenarios 
at the same density. Comparisons were also made between 
observed (Quinn et al. 2012) and simulated values for sin-
gle-species (whelk- or crab-only) scenarios using two-way 
ANOVAs as above, as a form of model validation; if sim-
ulation outputs were able to match observed values well, 
then this supported results of comparisons among foraging 
scenarios for mixed-species conditions. All data passed test 
assumptions and analyses were carried out in IBM SPSS 
Statistics 22 (SPSS Inc. 2014).

Results

Validating S and K occurrence

P(S) in the study of Quinn et al. (2012) tended to be 
slightly (8.3–9.5 %) lower among whelks in the presence 
of crabs than when whelks were alone at the same densi-
ties (Fig. 3a), but these differences were not statistically 
significant [F(1,56) = 3.36, p = 0.072; Fig. 3a]; P(S) also 
did not differ significantly between low and high predatory 
densities [F(1,56) = 0.17, p = 0.68; Fig. 3a], and there was 
no significant interaction [F(1,56) = 0.57, p = 0.45]. P(K) 
among whelks and crabs also did not differ between low 
and high predatory densities [F(1,28) = 2.41, p = 0.13; 
Fig. 3b]. On average, overall P(S) was 28.1 ± 2.2 %, n = 30 
and P(K) was 19.0 ± 3.4 %, n = 30 (Fig. 3a, b). P(S + K) 
in areas with both whelks and crabs was 7.4 ± 24.4 %, 
n = 15, greater than that in areas with whelks alone at low 
densities and 12.9 ± 39.3 %, n = 15 greater than whelks 
alone at high densities (Fig. 3c). P(S + K) did not differ 
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between low and high densities of whelks alone or with 
crabs [F(1,56) = 2.41, p = 0.13; Fig. 3c], nor was there a 
significant interaction [F(1,56) = 2.41, p = 0.13], but dif-
ferences between whelks with crabs and whelks alone were 
overall statistically significant at both low and high densi-
ties [F(1,56) = 47.82, p < 0.001]. Therefore, in the study of 
Quinn et al. (2012), 19.0 ± 3.4 % of mussels in each for-
aging area were stolen via K; an additional 28.1 ± 2.2 % 

of mussels were abandoned before being completely 
consumed.

Model simulations of different foraging modes 
in realistic mussel patches

Simulated predation rates did not significantly differ 
from observed ones for crabs [F(1,56) = 1.31, p = 0.13] 
or whelks [F(1,56) = 1.06, p = 0.31] when alone. Preda-
tion rates of crabs alone did not differ overall between low 
and high densities [F(1,56) = 2.36, p = 0.26], but those of 
whelks were significantly higher at high densities than low 
ones [F(1,56) = 127.59, p < 0.001]. Interactions between 
density and predation scenario were not significant for 

Fig. 3  Evidence for occurrence of kleptoparasitism (K) versus scav-
enging (S) from incidence (%) of a confirmed mussel abandonment 
by whelks and potential for crab S (P(S)), b apparent K by crabs 
(P(K)), and c both (P(S + K)) calculated from previously unpublished 
data from Quinn et al. (2012). Values were calculated for predators 
at low (solid circles and lines) and high densities (open squares and 
dashed lines), and for whelks either without crabs (whelk-only) or 
with one or more crab present (x-axes). Italicized text on the right 
side of all panels signifies whether results significantly differed 
between low and high densities with the same predatory species 
composition [two-way (a, c) or one-way (b) ANOVAs, *: p ≤ 0.05; 
n.s.: p > 0.05]. Non-italicized text above the lines in a and c signify 
whether there were significant differences between whelk-only results 
significantly versus those for whelks and crabs together in the same 
particular density condition. Note that in whelk-only areas K by crabs 
was not possible, so P(K) = 0 and P(S + K) = P(S); P(K) could thus 
not be compared between whelks-alone and whelks with crabs

Fig. 4  Foraging rate (g mussel tissue consumed day−1) of a whelks 
and b crabs in real (Obs) and simulated mussel patches with whelk 
and crab predators together at low (solid circles) and high densities 
(open squares). Simulated predation scenarios included those that 
allowed neither scavenging (S) nor kleptoparasitism (K) by crabs 
(No S or K), no K (S-only), no S (K-only), or allowed both to occur 
(S + K). Values plotted are mean ± SE of 15 mussel patches and 
were based on total consumption of all predators per mussel patch 
after 14 day. An asterisk (‘*’) indicates that foraging rate for a par-
ticular scenario significantly differed between high and low density. 
Different letters next to symbols indicate predation scenarios in which 
foraging rates at the same density were significantly different (Tuk-
ey’s HSD test, p ≤ 0.05); lowercase letters are used for low-density 
results and uppercase letters are used for high-density comparisons
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either predator [crabs: F(1,56) = 0.18, p = 0.67; whelks: 
F(1,56) = 0.46, p = 0.50]. For both crabs and whelks 
when together, there were significant interactions between 
the effects of predatory density and predation scenario on 
foraging rates [crabs: F(4,140) = 3.03, p = 0.020; whelks: 
F(4,140) = 16.23, p < 0.001; Fig. 4a, b] and whelk satia-
tion [F(4,140) = 16.21, p < 0.001; Fig. 5].

Foraging rates of both whelks and crabs when together 
at low densities did not differ significantly among pre-
dation scenarios (observed or simulated; Tukey’s HSD 
test, p ≥ 0.55 (both whelks and crabs); Fig. 4a, b). How-
ever, predation rates for all scenarios at low densities 
were always significantly less than those at high densi-
ties (Tukey’s HSD test, p ≤ 0.019 (whelks) or p ≤ 0.016 
(crabs); Fig. 4a, b).Whelk predation rates in high-density 
simulations with No S or K and with S-only were sig-
nificantly higher than observed predations rates (mean 
difference = 0.054 g day−1 (45.0 %) for No S or K, 
0.052 g day−1 (43.3 %) for S-only) and rates in simula-
tions with K-only [No S or K: 0.070 g day−1 (67.3 %); 
S-only: 0.068 g day−1 (65.4 %)] and S + K [No S or K: 
0.071 g day−1 (68.9 %); S-only: 0.069 g day−1 (67.0 %)] 
(Tukey’s HSD test, p < 0.001; Fig. 4a). Conversely, crab 
predation rates in high-density simulations with No S or 
K and with S-only were significantly lower than observed 

ones (mean difference = 0.05 g day−1 (26.3 %) for No 
S or K, 0.039 g day−1 (20.4 %) for S-only; Tukey’s HSD 
test, p ≤ 0.047; Fig. 4b) and rates in K-only [No S or K: 
0.056 g day−1 (28.6 %); S-only: 0.045 g day−1 (22.8 %)] 
and S + K [No S or K: 0.066 g day−1 (32.1 %); S-only: 
0.055 g day−1 (26.7 %)] simulations (Tukey’s HSD test, 
p < 0.001; Fig. 4b). Predation rates of both crabs and 
whelks in K-only and K + S simulations at high densities 
did not significantly differ from observed ones (whelks: 
Tukey’s HSD test, p ≥ 0.29; crabs: Tukey’s HSD test, 
p ≥ 0.44; Fig. 4a, b).

Estimated whelk satiation at the end of a 14-day period 
did not differ among predation scenarios for whelks with 
crabs at low densities (Tukey’s HSD test, p ≥ 0.29) and 
was significantly higher in all scenarios than in the same 
scenarios at high density (Tukey’s HSD test, p ≤ 0.019) 
(Fig. 5). At high densities, estimated whelk satiation was 
significantly lower (43.3–45.0 %) when K was included 
in simulations (K-only: mean satiation = 44.1 %; K + S: 
43.6 %) than when it was not ( No S or K = 72.9 %; S-only: 
73.7 %) (Tukey’s HSD test, p < 0.001; Fig. 5). Satiation in 
high-density simulations including K were not significantly 
different from that (50.8 %) estimated from observed data 
(Tukey’s HSD test, p ≥ 0.29), while those not including K 
overestimated whelk satiation (Fig. 5).

Discussion

Different outcomes and occurrence of scavenging 
and kleptoparasitism

The present study demonstrated notable differences 
between scavenging (S) and kleptoparasitism (K) among 
green crabs and dogwhelks, at least when both predatory 
species were present at high densities. Both of these feed-
ing modes resulted in greater feeding by crabs (S: 8.1 %; 
K: 40.0 %; both: 47.4 %) when included in high-density 
simulations compared with when they were not (No S or K 
simulations). S did not alter whelk feeding but K resulted 
in reduced whelk feeding and satiation (43.3–45.0 %). The 
lack of effects at low densities was not unexpected based 
on previous studies (e.g., Quinn et al. 2012) and is likely 
associated with low encounter rates between heterospecific 
predators under these conditions. Still, these results show 
that whether S or K occurs it will result in large differences 
to feeding rates of predators, so it is important that they be 
distinguished.

Impacts of S on crab feeding were lower than might 
have been expected. For example, the largest mussels 
used by Quinn et al. (2012) (shell length (SL) = 50 mm) 
contained 0.460 g dry biomass, which is nearly double 
the estimated stomach capacity of whelks (V = 0.236 g); 

Fig. 5  Estimated whelk satiation in real (Obs) and simulated mussel 
patches with whelk and crab predators together at low (solid circles) 
and high (open squares) densities. Predation scenarios are as outlined 
in the caption for Fig. 4. Values plotted are mean ± SE of 15 mus-
sel patches and were based on total consumption of each individual 
whelk in a mussel patch after 14 divided by an estimated whelk stom-
ach capacity of 0.236 g (calculated in this study from data in Quinn 
et al. (2012), see “Methods” section); these values are plotted as per-
centages. An asterisk (‘*’) indicates that satiation for a particular sce-
nario significantly differed between high and low density. Different 
letters next to symbols indicate predation scenarios in which whelk 
satiation after 14 days at the same density was significantly different 
(Tukey’s HSD test, p ≤ 0.05); lowercase letters are used for low-den-
sity results and uppercase letters are used for high-density compari-
sons
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therefore, a whelk feeding on such a large mussel could 
leave behind 0.224 g tissue for crabs to scavenge. More 
than half of the mussels in that study contained >0.236 g 
biomass (SL ≥ 39.1 mm, the average size available), so 
even if mussels as large as 50 mm SL were rarely eaten 
many were eaten that would be large enough for whelks to 
reach satiation while eating and then abandon; this should 
result in considerable instantaneous gains by crabs taking 
advantage of S, since individual crab’s feeding rates ranged 
from only 0.029–0.090 g day−1 (Quinn et al. 2012). How-
ever, whether crabs benefit from whelks via S depends on 
whether they perceive and find abandoned mussels in their 
environment. Crabs are known to be very good at locat-
ing prey items by olfaction (Crothers 1968) and learning 
to quickly take advantage of feeding opportunities (Smal-
legange et al. 2006), so it is likely that they are capable of 
frequent scavenging on whelk-abandoned mussels in nature 
when the opportunity to do so arises. One potential reason 
for the small and non-significant gains experienced by crabs 
through S in our simulations (crab foraging rate in S-only 
only 8.1 % higher than in No S or K simulations and 5.1 % 
higher in S + K than K-only simulations; Fig. 4b) may have 
been limited opportunity due to the limited time window 
simulated (14 days) and slower feeding by whelks on larger 
mussels. Because the time needed to handle and consume 
a mussel increases with mussel size (Hughes and Dunkin 
1984; Enderlein et al. 2003), whelks feeding on larger mus-
sels that could yield the greater gains to crabs through S 
were simply not consumed quickly enough for whelks to 
reach satiation and abandon their prey after 14 days (e.g., 
models predict mussels with SL > 39 mm would require 
>14 days to fully-consume; see “Methods” section, Eq. 3). 
In this system, then, S may not be a particularly important 
or frequent interaction among green crabs and whelks as a 
result of limited opportunity rather than limited ability of 
crabs to take advantage of opportunities; K appears to be 
more frequent and important.

Simulated feeding rates of both whelks and crabs in the 
presence of one another required K to be included in simula-
tions in order for them to match observed feeding rates, so 
at the very least all of the cases of K in Quinn et al. (2012) 
could not have been explained in this system by S alone. 
Additionally, more mussels were abandoned and apparently 
kleptoparasitized (P(S + K)) in mixed-species conditions 
than were abandoned by whelks (P(S)) at comparable crab-
free densities in that study. This demonstrates that greater 
proportions of mussels were consumed by crabs following 
whelk boring than can be accounted for by abandonment 
frequencies of comparable densities of whelks alone, at 
least when both predators were held together at relatively 
high densities. Thus, S and K have different impacts on 
whelks and crabs, but Quinn et al. (2012) do not appear to 
have misidentified mussels eaten via S or K.

Scavenging and kleptoparasitism: the lines blur

The models described above demonstrated that simple 
mathematical rules applied to naturalistic simulations of 
mussel–predator systems result in different outcomes for S 
versus K and that K was far more likely to have occurred 
in previous studies of crabs and whelks in Atlantic Can-
ada (Boudreau et al. 2013; Quinn et al. 2012). However, 
these may not capture the whole picture as it is possible 
that whelks abandon their mussel prey more often in the 
presence of crabs as they must avoid potential crab pre-
dation (e.g., Vadas et al. 1994; Quinn et al. 2012; Wong 
et al. 2012). In this case, though, the line between K and S 
blurs somewhat, because though the crab does not directly 
“steal” the whelk’s kill, its activities do cause the whelk to 
leave the prey item, making it available for crab consump-
tion. This is similar to cases when competitively domi-
nant individuals scare others away from their prey with-
out directly attacking them, which is usually classified as 
K (e.g., Elbroch et al. 2015). Thus, even if abandonment 
rates increase in the presence of crabs, it is still reasonable 
to consider subsequent consumption of whelk-abandoned 
mussels by crabs as K rather than S (Höner et al. 2002). 
Results of the present study do not suggest increased aban-
donment by whelks around crabs, though. Indeed, our 
model simulations did not include this, but were still able 
to achieve comparable feeding rates to observed values 
simply by reducing whelk feeding rate on any particular 
mussel in the presence of crabs.

On average, whelks abandoned 28.1 % of mussels which 
were not eaten by crabs, even when present (Quinn et al. 
2012), which shows that not all abandoned mussels are 
scavenged. Our models show there was a slight decrease 
of 5.1–8.1 % in confirmed abandonment frequency in 
mixed- versus whelk-only areas, which could suggest that 
a few of these abandoned mussels were eaten by crabs via 
S and misclassified as K. If true, then the actual incidence 
of K would be reduced from 19 % to approximately 10.9–
13.9 %, with the remaining mussels representing S. How-
ever, this difference was non-significant and further study is 
needed to assess occurrence of S in this system.

Model parameterization needs

While our results are strongly suggestive, future directed 
studies are needed to examine influences of varying preda-
tory density and size, sizes of foraging area, and different 
combinations of high and low densities of heterospecific 
predators. There is also potential for extremely high densi-
ties of one predatory species to reduce or even overwhelm 
interspecific effects of the other species on its feeding. 
While whelks and crabs are two components within inter-
tidal ecosystems, the influences of other predatory species 
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also present in the same systems on whelk and crab feeding 
rates (e.g., sea stars and eiders: Hamilton 2000; Boudreau 
and Hamilton 2012) should also be examined. Hunger lev-
els of the predators involved, stomach capacity, digestion 
rates, search and handling times, and satiation effects on 
crab feeding also need to be examined for more accurate 
modeling. Feeding rates of whelks at multiple densities, 
including one whelk alone and multiple whelks at higher 
numbers, should be measured in common field conditions 
to allow more appropriate estimates of intraspecific effects 
rather than extrapolation from laboratory experiments and 
allow for a more generalized model of this system.

Timing of events in simulations should also be revisited. 
For example, we allowed predators that reached satiation 
or completed consuming their current mussel to find and 
begin eating a new prey item on the next or same simu-
lated day, respectively, but perhaps there is less incentive to 
search for new prey immediately when full or more search-
ing time for suitable prey may be required when traveling 
between mussel patches. Direct measures of “idealized” 
feeding times on mussels of different sizes and actual fre-
quencies with which S occurs should also be carried out. 
Better parameterizing of these model components should 
lead to better, more accurate models that can be applied to 
this and other similar systems.

Handling cost implications

In both K and S, there is likely an important change to the 
search and handling costs incurred by the crab that results 
from whelk predation. Specifically, because the whelk 
predator begins to externally digest the mussel inside its 
shells after it attacks (Carriker and Williams 1978; Crothers 
1985), the adductor muscles of the mussel are weakened 
and the shells begins to gape partially open (Quinn et al. 
2012; B.K. Quinn, pers. obs.). This means that it should 
be considerably easier for the crab to open the mussel’s 
shell and access the tissues inside after whelk predation 
has occurred, greatly reducing handling time (tS(C) and tK(C) 
both < ti(C); see Tables 1 and 2 and Eqs. 1–11 in “Methods” 
section); indeed, this change in the vulnerability of the prey 
through S or K likely allows relatively small crabs to feed 
on larger mussels which they would normally not have the 
strength to attack in the absence of whelks (Enderlein et al. 
2003; Quinn et al. 2012; Boudreau et al. 2013). However, 
at present the extent of this change in handling times is dif-
ficult to quantify. It is also uncertain whether tS(C) and tK(C) 
should differ; presumably they are similar, although it is 
possible that tS(C) < tK(C) if abandoned mussels decayed, and 
thus gaped somewhat more widely than fresher mussels sto-
len directly by a crab. Another factor which may be impor-
tant to assess is whether whelk resistance to K by crabs 
could increase tK(C). While whelks cannot directly interfere 

with crab K, before taking and eating a mussel crabs do 
tend to remove any attached whelks (M.L. Boudreau, pers 
comm.) implying that whelk presence is undesirable to the 
feeding crab. The amount of time, energy, and risk of injury 
expended by the crab when attempting to remove a whelk 
from its mussel might represent a cost to the crab associ-
ated with K that we could not quantify to include in our 
models.

It is uncertain to what extent crab gains and foraging 
rates might differ between S and K; both depend on ‘E’, 
which is a function of the point in the whelk’s feeding 
cycle at which K or abandonment occurs (tS(W) or tK(W)), 
and/or the proportion of the mussel consumed prior to K 
or abandonment (Quinn et al. 2012). In principle, if crabs 
are able to smell mussels that are under attack by whelks 
and home in on these weakened prey, then K could occur 
very early in the whelk’s feeding cycle, meaning that the 
cost to the whelk (EK) is very large, as are crab gains. This 
is likely to occur because crabs forage over much shorter 
time scales than whelks (e.g., Wong et al. 2012) and thus 
crabs have a good chance of interrupting the whelk feeding 
cycle at a relatively early stage. Conversely, S, at least after 
abandonment due to satiation, is more likely to occur later 
in the whelk’s feeding cycle, meaning that ES, and thus 
crab gains, would be fairly small. It is also possible that the 
quality of prey eaten by crabs through S is lower than that 
eaten through K, even if the amounts are similar, because 
the prey may have begun to decay following abandonment 
(e.g., Wilmer and Post 2006). There is further the possibil-
ity that abandonment of prey by whelks resulting in S by 
crabs could occur due to causes other than whelk satiation, 
resulting in different outcomes. Models of S in this study 
were developed to represent that resulting from whelk sati-
ation only and so do not extend to such scenarios, so these 
possibilities could also be explored further.

Other factors influencing foraging in native 
and invasive home ranges

While Quinn et al. (2012) investigated green crabs and 
dogwhelks feeding on Mytilus edulis (and perhaps also M. 
trossulus; Rawson et al. 2001) in part of the crabs’ intro-
duced range (Atlantic Canada) and noted K not S, Morton 
(2011) examined them in their native range (Europe) on 
beds of M. galloprovincialis and did not note K, only S. We 
have shown that there was minimal if any misallocation in 
Quinn et al. (2012). Because some aspects of green crab 
behavior are known to vary geographically (e.g., Preisler 
2010), it is possible that crabs in invasive populations have 
adopted K as a novel foraging mechanism, whereas within 
their native range they do not. Additionally, seasonal distri-
butions of predators differ between these two systems. In 
Atlantic Canada, green crabs and dogwhelks over a wide 



 Mar Biol (2016) 163:186

1 3

186 Page 12 of 14

range of sizes are both present and actively feeding on 
mussel beds during the summer (June–September) and are 
not present in winter (Quinn 2010; Boudreau and Hamil-
ton 2012), while in Britain feeding green crabs are uncom-
mon during winter, while dogwhelks are less common in 
the summer (Morton 2011); overlap between green crabs 
and dogwhelks in the study area of Morton (2011) was thus 
limited, and when and where it occurred only small, cryptic 
juvenile crabs were present (B. Morton, pers comm), which 
may be too small to feed on relatively large whelk-killed 
mussels, even via K. Therefore, in the system examined by 
Morton (2011), opportunities for crabs to kleptoparasitize 
were limited, meaning that S predominates, whereas in the 
study by Quinn et al. (2012) K could and likely did occur, 
quite frequently.

Conclusions: Implications in marine communities

The implications of K and S to estimates of green crab 
impacts on mussel bed communities differ, and both intro-
duce substantial complexities. Both feeding modes could 
reduce negative consumptive impacts by crabs on mussels, 
as they consume mussels already being attacked by other 
predators and indirectly decrease whelk predation rates. 
However, if K is a frequent occurrence in nature and repre-
sents significant continuous losses to whelks, then it is con-
ceivable that not only feeding rates but even whelk survival 
could be impacted, having further cascading effects on 
the community (e.g., Hamilton 2000; Menge and Branch 
2001). The extent of these effects would depend, however, 
on availability of alternative prey to whelks, so future work 
should examine whether whelks undergo prey switching to 
avoid crab inhibition.

Both kleptoparasitism and scavenging by invasive green 
crabs on whelk-killed mussels likely occurs (where pos-
sible) throughout this crab species’ native and introduced 
ranges, but studies (Morton 2011; Quinn et al. 2012; 
Boudreau et al. 2013) have previously concluded the occur-
rence of one or the other, without really examining the 
possibility of the alternative strategy. Results of the pre-
sent study highlighted the potential differential impacts of 
kleptoparasitism (+/-for crab/whelk) and scavenging (+/0) 
on these two species and how direct observations of klep-
toparasitism and scavenging, and resulting alterations of 
growth rates among these two species are needed to con-
firm these results and implications with certainty. Estimat-
ing impacts of other invasive species that have potential 
to interact with native fauna as kleptoparasites and scav-
engers (e.g., other invasive arthropod generalist preda-
tors; Gherardi 2007; Snyder and Evans 2006) will require 
that these foraging interactions be distinguished. This 

distinction will further be important to studies of all species 
that undergo such interactions.

The present study has been concerned primarily with K 
versus S interactions among invasive green crabs and dog-
whelks feeding on mussels and their impacts on intertidal 
mussel bed communities. However, issues raised herein 
regarding potential misidentification of K and S and the dif-
ferences between the two foraging interactions have much 
wider implications to not only studies of invasive species, 
but studies of animal behavior and trophic ecology in gen-
eral. As mentioned earlier, occurrence of K and S is often 
inferred indirectly based on the condition of prey or food 
items post-consumption (e.g., Ishida 2004; Fodrie et al. 
2012; Quinn et al. 2012; Fourvel et al. 2015), and there is 
potential for misidentification and subsequently misinter-
pretation with this approach. Thus, studies of behavioral 
ecology in general run the risk of making erroneous con-
clusions or estimates regarding forager feeding rates and 
trophic roles. There is likely a need to better define the 
nature of the various types and sub-types of species interac-
tions that fall under the broad term “scavenging”, including 
scavenging sensu stricto and kleptoparasitism (e.g., when 
a scavenger finds and feeds on remains of an animal that 
died of non-predator-related causes; Barnard and Sibly 
1981; Getz 2011). Various sub-types of predation (e.g., 
carnivory, herbivory) and competition (e.g., exploitation, 
interference), for instance, have been rigorously defined 
and yielded improvements to ecological research (e.g., 
Menge and Sutherland 1976; Sih et al. 1985). Quantifying 
such distinctions for S and K should further improve pre-
dictive ability of trophic ecology in general. Ultimately, if 
the trophic roles and impacts of invasive and native spe-
cies in natural communities are to be estimated and such 
estimates used for example to predict (and perhaps miti-
gate) the impacts of future species invasions, it is important 
that S and K interactions are carefully distinguished and 
quantified.
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