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Abstract Interactions between multiple predator species
are frequent in natural communities and can have important
implications for shared prey survival. Predator density may
be an important component of these interactions between
predator species, as the frequency of interactions between
species is largely determined by species density. Here we
experimentally examine the importance of predator density
for interactions between predator species and subsequent
impacts on prey. We show that aggressive interactions
between the predatory shore crabs Carcinus maenas and
Hemigrapsus sanguineus increased with predator density,
yet did not increase as fast as negative interactions between
conspeciWcs. At low density, interactions between conspe-
ciWc and heterospeciWc predators had similar inhibitory
impacts on predator function, whereas conspeciWc interfer-
ence was greater than interference from heterospeciWcs at
high predator density. Thus the impact of conspeciWc inter-
ference at high predator density was suYcient in itself that
interactions with a second predator species had no addi-
tional impact on per capita predation. Spatial and temporal
variability in predator density is a ubiquitous characteristic

of natural systems that should be considered in studies of
multiple predator species.
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Introduction

Density is an important factor contributing to the overall
function and impact of species within ecological communi-
ties. Density is particularly important in interactions
between species, and its consideration has been instrumen-
tal in understanding fundamental ecological processes
that occur between interacting species, including interspe-
ciWc competition (Connell 1961), consumer–resource
interactions (Volterra 1926), predator functional responses
(Holling 1959), and resulting trophic cascades (Hairston
et al. 1960).

One type of species interaction that has recently received
much attention is the combined eVects of multiple predator
species (Sih et al. 1998). Predator species that share the
same prey frequently interact, altering the inXuence of one
or both species on prey so that their impacts are noninde-
pendent. When predator nonindependence occurs, prey
mortality as predator species forage together is either less
than expected based on prey mortality when each predator
species forages separately (risk reduction) or greater than
expected (risk enhancement). Experimental examinations
of nonindependent eVects of multiple predator species have
focused mainly on behavior (i.e., trait-mediated interac-
tions), such as prey responses to diVerent predator species
that conXict and can therefore not be expressed simulta-
neously (Soluk 1993; Losey and Denno 1998; Eklöv and
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VanKooten 2001; Harvey et al. 2004) or aggression
between predators that alters predator foraging behavior
(Peckarsky 1991; Crumrine and Crowley 2003; Warfe and
Barmuta 2004; GriVen and Byers 2006b).

These studies have amply demonstrated the importance
of individual behavioral traits in systems with multiple
predator species; however, species density is also impor-
tant. This fact has been empirically shown for prey, as the
strength of nonindependent eVects of multiple predator spe-
cies (i.e., the strength of risk reduction or risk enhance-
ment) can vary with prey density (Soluk 1993; Losey and
Denno 1998; Vance-Chalcraft and Soluk 2005b; GriVen
2006). The importance of predator density has received
only cursory attention, with the main focus on changes in
the way that additive and substitutive experimental designs
manipulate the relative densities of two interacting predator
species (GriVen 2006). However, an extensive search of the
literature revealed no studies that systematically varied
predator density in multiple predator combinations in an
eVort to examine the inXuence of predator density in eliciting
nonindependent eVects of multiple predators.

In contrast to studies of multiple predator species, the
importance of predator density when only a single predator
species occurs is well-documented. Interference among
conspeciWc predators generally increases with predator
density due to higher frequency and intensity of interac-
tions (Mansour and Lipcius 1991; Clark et al. 1999; Mistri
2003; Schenk et al. 2005; Smallegange et al. 2006), result-
ing in lower per capita eVects of predators on prey (Arditi
and Ginzburg 1989; Arditi and Akcakaya 1990; Clark et al.
1999; Abrams and Ginzburg 2000; Mistri 2003). Similarly,
the behaviors that elicit nonindependent eVects of multiple
predator species may interact with predator density, poten-
tially resulting in density-dependent strengths of risk reduc-
tion or risk enhancement. Thus, the overall implications for
prey of interacting predator species may depend on spa-
tially and temporally variable predator densities and the
resulting inXuence on predator interactions.

Here we investigate the combined impacts of two
co-occurring predators across a range of densities in an
eVort to determine how predator density aVects the way that
consumption by multiple predator species combines. The
European green crab Carcinus maenas and the Asian shore
crab Hemigrapsus sanguineus are two invasive predators
on the Atlantic coast of the United States and are presently
the dominant shore crab species along much of the coast.
These species utilize similar habitats and prey resources
(Tyrrell and Harris 1999; Lohrer et al. 2000), resulting in
interference competition between the two (Jensen et al.
2002). A range of sizes of individuals of these species fre-
quently overlaps in rocky intertidal areas, and intraguild
predation and cannibalism are both strong given a suYcient
size diVerence between individuals (Lohrer and Whitlatch

2002a; GriVen and Byers 2006a). Aggressive interference
among predatory crabs frequently reduces prey consump-
tion (Mansour and Lipcius 1991; Clark et al. 1999; Taylor
and Eggleston 2000; Sietz et al. 2001; Mistri 2003;
Smallegange et al. 2006), and previous work with these
particular species has demonstrated that the strength of
interspeciWc interference depends on habitat type (GriVen
and Byers 2006b), the relative sizes of interacting individu-
als (GriVen and Byers 2006a), and prey density (GriVen
2006).

On the regional scale, the densities and distributions of
these two species have shifted dramatically over the last
decade as the introduction of H. sanguineus appears to have
decreased the numbers of C. maenas in rocky intertidal
habitats along its northward range expansion, which has
presently reached central Maine (Lohrer and Whitlatch
2002a). As a result, the region of overlap between these
species has steadily shifted northward. This region of over-
lap currently occurs in the central Gulf of Maine, from
Massachusetts to mid-coast Maine. Both species are found
abundantly at our Weld site at Odiorne Point, New Hamp-
shire, the midpoint of this region (GriVen and Byers
2006b). This site is delineated into a series of coves, each
separated by approximately 50–100 m, and the mutual
aggregation of predators in coves with abundant food and
refuge habitat results in a positive correlation in the densi-
ties of C. maenas and H. sanguineus across coves (GriVen
et al. 2007b). This system thus provides an excellent oppor-
tunity to examine the (in)dependence of predation by two
predator species whose densities naturally covary across a
wide range.

Using Weld and laboratory experiments, we examined
how predator density inXuences the combined eVects of
C. maenas and H. sanguineus on the blue mussel Mytilus
edulis, an important food source for both species (Ebling
et al. 1964; Elner 1981; Lohrer and Whitlatch 2002b; Bour-
deau and O’Connor 2003; DeGraaf and Tyrrell 2004; GriVen
et al. 2007b). We also compared the inXuence of predator
density on heterospeciWc predator interactions to the eVect
of density on interactions between conspeciWc predators.
Finally, we observed predator behavior to determine
whether the eVects of predator density can be explained
mechanistically by changes in aggressive interactions
between predators.

Methods

Field experiment on the impacts of predator density

Field experiments were conducted on a semi-exposed
beach at South Odiorne Point, New Hampshire. This site is
characterized by a series of coves separated by bedrock
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outcroppings. The dominant substrate is boulders overlying
a substrate of sand and shell. Sampling at low tide revealed
densities of large C. maenas (>30 mm carapace width,
CW) ranging from 0 to 28 m¡2, while densities of large
H. sanguineus (>20 mm CW) ranged from 0 to 16 m¡2

between coves (GriVen et al. 2007b). We conducted experi-
ments in a cove with relatively low densities of both crabs
(C. maenas, 2.8 § 2.8 m¡2; H. sanguineus, 1.5 § 1.8 m¡2;
mean § SD) in order to minimize the inXuence of ambient
crabs.

Experiments were conducted in enclosures
(0.6 £ 0.5 £ 0.3 m) deployed at approximately 0.5 m
above the mean low water level. Enclosures were con-
structed of 2.5-cm galvanized PVC-coated wire mesh and
were lined with 0.5-cm plastic mesh. Small boulders that
had been cleared from the substrate to allow for placement
of the experimental enclosures were placed inside the
enclosures to mimic ambient habitat. Naturally occurring
Xora and fauna were left on these boulders so that a natu-
rally occurring array of prey species was available inside
the enclosures. These included urchins, limpets, snails,
amphipods, polychaetes, small sea stars (<2 cm diameter),
brittle stars, small Wsh, juvenile crabs, and macroalgae.
Thus, although we focused our experiments on the con-
sumption of mussel prey, predators were not artiWcially
limited in their food choices. While this may have diluted
the impacts on focal prey, it was desirable in order to
provide a more realistic picture of predation in the natural
habitat where these omnivorous predators have a variety of
prey to choose from.

After all naturally occurring mussels had been removed
from the enclosures, 50 experimental mussels that had been
collected from the surrounding area were scattered haphaz-
ardly into each enclosure 24 h before the inclusion of pre-
dators to allow time for byssal thread attachment. This
mussel density (167 m¡2) is similar to the natural densities
of mussels in the lower intertidal regions of Odiorne Point
(198 § 197 m¡2) where the experiment was conducted
(Tyrrell and Harris 1999). We used mussels with a shell
length of 15–20 mm, which is the preferred size of mussel
prey for adult C. maenas (Elner and Hughes 1978). Using
this size of mussel likely decreased mussel consumption
rates by H. sanguineus, given that this size of mussel is
larger than their preferred size of <10 mm (Bourdeau and
O’Connor 2003). However, while not the preferred size,
H. sanguineus can and does consume this size of mussel
prey (McDermott 1998; DeGraaf and Tyrrell 2004; BD
GriVen, personal observation).

To examine the impact of predator density on multiple
predator eVects, we experimentally increased the density of
C. maenas and H. sanguineus simultaneously (rather than
orthogonally), mimicking the positive correlation between
the two species observed between coves at our Weld site

(GriVen et al. 2007b). We used an experimental design that
combined components of the additive and substitutive
experimental designs commonly in use (see review in
GriVen 2006). This allowed us to examine the inXuence of
predator density on interspeciWc interference and its impor-
tance relative to intraspeciWc interference.

Experimental treatments included each species foraging
alone at densities of one, two, three, four, six, and eight
individuals per enclosure (equivalent to approximately
0–26 crabs m¡2), and both species foraging together at den-
sities of one, two, three, and four individuals of each species
per enclosure. This range of densities is similar to the range
observed at our Weld site for large C. maenas, is greater
than that observed at our Weld site for large H. sanguineus,
but is well within the range of densities observed for
H. sanguineus at sites in its invaded range (Brousseau et al.
2003). Each of these 16 treatments and the no predator
control were replicated Wve times by including a single
replicate of each treatment within each of Wve blocked trials
during June and July 2004. Adult males (C. maenas,
49.5 § 7.2 CW; H. sanguineus, 23.9 § 2.5 mm CW) that
had been starved for 24 h to standardize hunger were
allowed to forage in each trial for 6 days, following which
we removed the contents of each enclosure and assessed the
number of surviving mussel prey. No other predators that
potentially consume mussels were included in experimental
cages (e.g., no whelks or large sea stars), thus while a small
amount of non-predatory mortality occurred (see Results),
prey mortality was attributable largely to crab predation.

To examine the overall impact of the two crab species on
prey survival in single-species treatments, we conducted
separate two-way ANOVAs for each species, with predator
density (seven levels including the no predator control) as a
Wxed factor and trial block (Wve levels) as a random factor.
We further examined diVerences in per capita predation
rates by the two crabs in single species treatments of our
experiment (calculated as the number of mussels
consumed £ the number of crabs in cage¡1 £ trial length in
days¡1) using an ANCOVA on log-transformed per capita
predation rates, with species as a Wxed factor and predator
density as a covariate.

The experimental treatments listed above allowed us to
compare observed prey survival when one, two, three, and
four predators of each species foraged together to expected
survival. At each of these predator densities, we calculated
two diVerent values for expected prey survival for each rep-
licate blocked trial. We calculated expected prey survival
when predators are combined (EC,H) in an additive fashion
(based on multiplicative risk of predators): EC,H = NC £
NH/Ncontrol, where NC, NH, and Ncontrol are the number of
prey that survive each trial with C. maenas, H. sanguineus,
and no predator (control). Prey survival that is diVerent
from the expected based on this model would indicate that
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interactions between the two predator species alter their
combined predation on shared prey (Billick and Case 1994;
Vonesh and Osenberg 2003; Vance-Chalcraft and Soluk
2005a; GriVen 2006).

We also calculated prey survival when predators are
combined in a substitutive fashion: EC,H = (NC,C £ NH,H)0.5,
where NC,C, and NH,H are the numbers of prey surviving
when foraged on by conspeciWc combinations of C. maenas
and H. sanguineus, respectively (GriVen 2006). This model
compares predator interference in treatments with multiple
predator species to interference among predators of the
same species at the same total density. Prey survival that is
diVerent from expected based on this substitutive model
would thus indicate that heterospeciWc predator interfer-
ence has a diVerent eVect on prey consumption than con-
speciWc predator interference (GriVen 2006).

We compared observed prey survival to both of these esti-
mates of expected prey survival using separate three-way
ANOVAs on prey survival with observed and expected as
two levels of a Wxed factor, predator density as a Wxed factor
(four levels), and trial as a random blocking factor (Wve lev-
els). Interaction terms including the blocking factor were
nonsigniWcant (P < 0.25) and so were not included in the
analysis. This was followed by planned linear contrasts of
observed and expected survival at each predator density. We
chose this analysis rather than the standard technique (Sih
et al. 1998) for detecting nonadditive predation using
ANOVA on log-transformed prey mortality with each spe-
cies treated as a separate factor because of the additional
complexity of nonorthogonal increases in predator density in
our experiment. Given our experimental design, our analysis
accomplished our primary goal of explicitly examining how
predator density inXuenced additivity and substitutability of
predation by C. maenas and H. sanguineus.

Laboratory examination of predator aggression 
at diVerent densities

We examined aggression by C. maenas and H. sanguineus
in a laboratory experiment in which each species foraged
alone or together, respectively, at diVerent predator densi-
ties. Experiments were conducted during July and August
2004 in 0.5 £ 0.4-m polypropylene tanks with Xowing sea-
water at the Shoals Marine Laboratory, Isles of Shoals,
Maine. To facilitate visual observations, the refuge habitat
inside the tanks was simple (compared to the Weld refuge)
and consisted of a single 20-cm-diameter rock placed in the
center of each tank, resting on 2 cm of sediment. Sediment
was added to facilitate mobility for crabs after it was
observed during preliminary experiments that crabs tended
to slip while attempting to walk within experimental tanks
without sand. However, adding sand had the additional
beneWt of allowing crabs to burrow (although shallowly),

thus avoiding confrontations with aggressors. Fifty M. edu-
lis (shell length 15–20 mm) were scattered inside each
experimental tank 12 h before the start of the experiment.
We used single and multiple predator species combinations
at three diVerent predator densities, resulting in nine diVer-
ent predator treatments (single species treatments two, four,
or eight C. maenas or H. sanguineus; multiple species
treatments one C. maenas + one H. sanguineus, two
C. maenas + two H. sanguineus, or four C. maenas + four
H. sanguineus).

Crabs, with identifying numbers painted on their carap-
aces, were placed in tanks 2 h before data collection started
(C. maenas 46.5 § 8.2 mm CW; H. sanguineus
23.4 § 2.8 mm CW). Experiments were conducted at night,
as this is when crabs forage most actively (Saigusa and
Kawagoye 1997). Under red lights (to minimize distur-
bance to crabs), we recorded the behavior of each crab in a
tank at 6-min intervals for 2 h (yielding a total of 20 obser-
vations per crab). We were particularly interested in aggres-
sive behaviors, which we deWned as Wghting, display of
threat behavior (extending chelipeds), or displacement of
one crab by another (see Smallegange et al. 2006 for a full
explanation of identically deWned aggressive behaviors).

This type of instantaneous scan sampling requires that
behaviors from one scan to the next be independent. If
behavior diVers more between successive samples as inter-
sample duration increases, then behaviors sampled at
shorter time intervals can be inferred to be nonindependent.
We veriWed that a 6-min interval between observations was
suYciently long to ensure independence of behaviors by
determining the proportion of 6-, 12-, or 18-min intervals
over which the behavior of a given crab changed (between
aggression, foraging/walking, or inactive). We did this for
each crab within the mixed species treatment with eight
crabs (as this treatment provided the most data within a sin-
gle treatment to make the comparison for both species). We
used separate ANOVAs for each species to compare the
proportion of the 6-, 12-, or 18-min time intervals over
which behavior changed.

Because more crabs were present in high-density treat-
ments, we initially conducted more replicates of the lower
density treatments. However, to avoid problems associated
with an unbalanced design, we randomly removed repli-
cates from the lower density treatments, resulting in three
replicates per treatment (Shaw and Mitchell-Olds 1993).
The proportion of the 20 observations in which aggressive
behaviors were displayed by individual crabs was averaged
among all crabs of a single species within each individual
replicate. This value (arcsine square root transformed to
achieve homogeneity of variance) was compared using a
three-way ANOVA, with species (two levels), mixed spe-
cies combinations (two levels: yes/no), and density (three
levels) as Wxed factors.
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Results

Field experiment on impacts of predator density

Carcinus maenas and H. sanguineus both decreased prey
survival in single-species treatments, although their eVects
were quite diVerent. Prey survival in C. maenas treatments
varied across trials (these diVerences across trial followed
no apparent pattern, such as systematic increases or
decreases over time; ANOVA, F4,24 = 8.20, P = 0.0003),
and decreased relative to the no-predator controls
(ANOVA, F6,24 = 13.53, P < 0.0001). However, prey sur-
vival did not diVer with C. maenas density (Tukey’s post
hoc comparison). In contrast, prey survival in the H. san-
guineus treatments was similar across trials (ANOVA,
F4,24 = 0.78, P = 0.55) and only decreased (relative to that
in no-predator controls) in treatments with four or six
H. sanguineus (ANOVA, F6,24 = 4.95, P = 0.002, followed
by Tukey’s post hoc comparison).

Overall, C. maenas had much higher predation rates
than H. sanguineus in single-species treatments (main
factor in ANCOVA, F1,56 = 93.86, P < 0.0001; Fig. 1).
Per capita predation rates of both species decreased with
predator density (covariate in ANCOVA, F1,56 = 44.87,
P < 0.0001; species £ predator density eVect F1,56 = 0.07,
P = 0.79; Fig. 1). EVects of predator density were not sim-
ply an artifact of prey depletion, given that more than
30% of mussels survived in all predator treatments
(Fig. 2a). Predators also consumed non-focal prey spe-
cies, as forensic evidence of this predation (e.g., crushed
snail and urchin shells, etc.) were at times observed within
experimental enclosures.

Cannibalism and/or intraguild predation caused crab
mortality in 25 of the 80 total replicates with crab predators
in our Weld experiment. Further, the incidence of crab mor-
tality increased with overall crab density (logistic regres-
sion, �2 = 3.87, P = 0.049). However, in the majority of
cases (15), this resulted in only a single crab loss per repli-
cate.

When C. maenas and H. sanguineus foraged together,
the independence of their predation eVects varied with
predator density. SpeciWcally, prey survival was greater
than expected based on the additive model (i.e., risk reduc-
tion occurred) for the two lowest predator densities (three-
way ANOVA with planned linear contrasts; one predator of
each species: F1,32 = 4.53, P = 0.04; two predators of each
species: F1,32 = 8.24, P = 0.008; Fig. 2b). In contrast, at
the two highest predator densities, prey survival was not

Fig. 1 Daily per capita mussel consumption by Carcinus maenas
(Wlled circle) and Hemigrapsus sanguineus (open circle) when present
in single-species treatments at diVerent densities in a Weld experiment
at South Odiorne Point, New Hampshire in June/July 2004. Dots rep-
resent mean prey consumption by all crabs within a single 0.3-m2
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diVerent from expected based on the additive model,
indicating that at high densities the two species had inde-
pendent eVects (three-way ANOVA with planned linear
contrasts; three predators of each species: F1,32 < 0.001,
P = 0.99; four predators of each species: F1,32 = 1.50,
P = 0.23; Fig. 2b).

Predator density also inXuenced the strength of conspe-
ciWc predator interference relative to heterospeciWc inter-
ference. ConspeciWc and heterospeciWc interference were
similar in strength at the two lowest predator densities,
resulting in no diVerence between observed prey survival
and expected based on the substitutive model (three-way
ANOVA with planned linear contrasts; one predator of
each species: F1,32 = 0.60, P = 0.45; two predators of each
species: F1,32 = 1.45, P = 0.24; Fig. 2b). In contrast, at the
two highest predator densities, observed prey survival was
greater than expected based on the substitutive model
(although this trend was only marginally signiWcant when
three predators of each species were present), indicating
that conspeciWc predator interference was stronger than het-
erospeciWc interference (three-way ANOVA with planned
linear contrasts; three predators of each species:
F1,32 = 3.12, P = 0.09; four predators of each species:
F1,32 = 19.53, P < 0.001; Fig. 2b).

Laboratory examination of predator aggression 
at diVerent densities

The behavior of C. maenas changed (between aggression,
foraging/walking, or inactive) from one observation to
the next 38 § 10, 47 § 17, 50 § 20% of the time for the
6-, 12-, and 18-min intervals, respectively. The behavior
of H. sanguineus changed 51 § 11, 58 § 13, 55 § 14%
between each time interval, respectively. These diVer-
ences were not signiWcant for either species (C. maenas:
one-way ANOVA, F2,33 = 0.81, P = 0.45; H. sanguineus:
one-way ANOVA, F2,33 = 60, P = 0.56). Thus, crab
behaviors were similarly independent at the short and
long time intervals. We therefore used shorter time inter-
vals to maximize replication and thus the resolution pro-
vided by the data.

Carcinus maenas displayed more aggressive behavior
than H. sanguineus in our laboratory experiment
(F1,24 = 4.16, P = 0.05; Fig. 3). Aggression by both spe-
cies increased with predator density (F2,24 = 21.46,
P < 0.0001; species £ density interaction F2,24 = 0.47,
P = 0.63; Fig. 3). In general, predators were more aggres-
sive when combined only with conspeciWcs than when
combined with heterospeciWcs (F1,24 = 5.24, P = 0.03; Fig. 3),
although this trend was only signiWcant for C. maenas (post
hoc linear contrasts of mixed vs. unmixed for C. maenas:
F1,24 = 5.16, P = 0.03; for H. sanguineus: F1,24 = 0.93,
P = 0.34).

Discussion

Nonindependent eVects of multiple predator species do not
occur uniformly wherever species overlap; rather, they are
often spatially and temporally variable due to changes in
various factors, including habitat complexity (Finke and
Denno 2002; Warfe and Barmuta 2004), habitat type
(GriVen and Byers 2006b), and prey density (Soluk 1993;
Losey and Denno 1998; Vance-Chalcraft and Soluk 2005b;
GriVen 2006). Our study demonstrates that eVects of multi-
ple predator species can also diVer with predator density.

Fig. 3 Proportion of time spent in aggressive interactions by C. mae-
nas (a) and H. sanguineus (b) (mean § SE, n = 3) when paired with
conspeciWcs only (alone) or in mixed species assemblages (mixed) at
two, four, or eight crabs per 0.2-m2 chamber. Mixed species assem-
blages contained a 1:1 ratio of C. maenas and H. sanguineus
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We determined that multiple predator eVects can inXu-
ence the survival of primary prey species, even in the pres-
ence of a diverse prey community. Evidence of
consumption of alternative prey types was present in our
experiment, and, although not quantiWed, predation proba-
bly reduced the availability of these alternative prey
through successive trials (because the same plots were used
for each successive trial). However, we found no evidence
of increasing predation pressure on focal mussel prey dur-
ing successive trials that may have resulted from depletion
of alternative prey. Furthermore, comparisons of observed
and expected predation did not diVer across trials (nonsig-
niWcant interaction term with block, P > 0.25). Thus, while
the presence of naturally occurring alternative prey proba-
bly diluted the multiple predator eVects detected here, this
dilution did not occur in a systematic manner that would
have inXuenced our results.

Carcinus maenas eats less and broadens its diet as a
result of interference from both conspeciWcs and from het-
erospeciWcs (Fig. 2; GriVen 2006; Smallegange et al. 2006;
GriVen et al. 2007b). Hemigrapsus sanguineus predation
also decreases at high conspeciWc densities (Fig. 2a; GriVen
and Delaney 2007a), but is not inXuenced by the presence
of C. maenas (GriVen et al. 2007b). Thus, the risk reduction
observed at the two lowest predator densities (Fig. 2b)
was likely due to reductions in C. maenas mussel consump-
tion because of interactions with both H. sanguineus and
with conspeciWcs, explaining why eVects were substitutable
at low densities (Fig. 2b). Based on this assertion that
H. sanguineus did not eat fewer mussels in the presence of
C. maenas, more than 80% and more than 60% of the
mussels mortality was due to C. maenas consumption when
one and two predators of each species foraged together,
respectively.

In contrast, at high predator densities the two species had
similar inXuences on mussel mortality because of drastic
reductions in C. maenas predation at high predator densi-
ties (Figs. 1, 2a). Additionally, because H. sanguineus also
reduces mussel consumption at high conspeciWc densities
(Fig. 2a; Brousseau and Baglivo 2005), conspeciWc inter-
ference that inXuences both species was stronger than het-
erospeciWc interference that inXuences only C. maenas,
resulting in low per capita predation by both species that
combined additively.

This pattern of increasing the relative importance of con-
speciWc interference as predator density rises may be gen-
eral across systems. Based on ecological theory,
intraspeciWc competition must be greater than interspeciWc
competition in order for competitors to coexist. Also, pred-
ator interactions that result in interference competition gen-
erally become stronger or more frequent with greater
predator density (Fig. 3, and see references cited in Intro-
duction). Putting these two factors together, we may expect

conspeciWc interference to become progressively more
important relative to heterospeciWc interference if densities
of multiple predator species increase together.

In addition to reduced foraging, other mechanisms may
have contributed to prey survival in our Weld experiment.
Both C. maenas and H. sanguineus broaden their diets with
increasing competitor density (Brousseau and Baglivo
2005; GriVen et al. 2007b). Additionally, similar levels of
prey survival across all predator densities (Fig. 2a) suggests
that prey may have experienced some degree of refuge at
low density. Thus, reduced foraging, diet shifts, crab mor-
tality due to cannibalism and/or intraguild predation, and
low density refuge for prey may have combined to reduce
prey mortality.

Over much of the region where these two species over-
lap (central to southern Gulf of Maine), H. sanguineus is
much more dense than C. maenas (GriVen and Delaney
2007a). Thus, while our experiment demonstrates that con-
speciWc interference for C. maenas can be as strong as or
stronger than interference from H. sanguineus on a per cap-
ita basis, interference from H. sanguineus may be function-
ally more important due to its higher densities. Consistent
with this, the contribution of mussels to the diet of C. mae-
nas is negatively correlated with H. sanguineus densities
across sites within the Gulf of Maine, but is uncorrelated
with the much lower conspeciWc densities (GriVen et al.
2007b). In contrast to the importance of predator interfer-
ence for C. maenas foraging, both conspeciWc and hetero-
speciWc interference appear to be relatively unimportant for
H. sanguineus foraging (GriVen et al. 2007b), likely facili-
tating its high population densities (GriVen and Delaney
2007a).

Predator density may be particularly important to mul-
tiple predator eVects in systems with intraguild predation
(predation among predators). Intraguild predation can
cause nonindependent eVects of these and other predator
species through prey switching by top predators (from
consuming shared prey to consuming intermediate preda-
tors) and reduced foraging by intermediate predators in
the presence of top predators (Crumrine and Crowley
2003; GriVen and Byers 2006b). These mechanisms may
each become stronger with increased densities of interme-
diate predators (Stephens and Krebs 1986) and top preda-
tors (Lima and Dill 1990; Lima 1998), respectively.
Intraguild predation and cannibalism that increased with
predator density were observed in our Weld experiment
and may have contributed to reduced mussel consump-
tion. In general, multiple predator eVects caused by intra-
guild predation between these crabs are negatively
correlated with the quality of refuge habitat that limits
intraguild predation (GriVen and Byers 2006b), and the
densities of both species increase with the density of boul-
ders that provide refuge habitat (GriVen et al. 2007b). By
123
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extrapolation then, multiple predator eVects may poten-
tially become less important as boulder coverage
increases (GriVen and Byers 2006b), both because of the
mitigating inXuence of refuge habitat and because of the
overriding importance of conspeciWc interference at high
predator densities (Fig. 2b). The interaction between fac-
tors that inXuence multiple predator eVects, such as habi-
tat type and species density, merits further study.

Previous studies have highlighted the importance of prey
density in determining the outcome of combined predation
by multiple species (Soluk 1993; Losey and Denno 1998;
Vance-Chalcraft and Soluk 2005b; GriVen 2006). As with
systems with a single predator species (Abrams and Ginz-
burg 2000), prey density and predator density may interact
to inXuence the combined eVects of multiple predator spe-
cies. Because predators often aggregate to areas of high
resource abundance (Fretwell and Lucas 1970), there is
often a positive correlation between prey density and preda-
tor density. Predator and prey density have simultaneous,
but independent impacts on predation rates of C. maenas
and H. sanguineus when each forages independently – per
capita predation rates increase with prey density and
decrease with predator density (GriVen and Delaney
2007a). However, to the best of our knowledge, there is no
study to date that has simultaneously co-varied prey density
and predator density to examine their combined impacts on
multiple predator eVects in this or any other system.

In conclusion, predator density is likely to have a large
inXuence on multiple predator eVects across most systems,
just as it does in other ecological processes. Incorporating
the range of natural predator densities into multiple preda-
tor studies and further investigating how predator density
interacts with other important factors, such as prey abun-
dance and refuge use, to inXuence multiple predator eVects
should therefore improve the applicability of experimental
results and increase our understanding of natural systems.
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