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Abstract

Most organisms in intertidal areas are marine in origin; many have distributions that extend into the subtidal zone. Terrestrial
predators such as mammals and birds may exploit these animals during low tide and can have considerable effects on intertidal
food webs. Several studies have shown that avian predators are capable of reducing densities of sessile and slow-moving
intertidal invertebrates but very few studies have considered avian predation on mobile invertebrate predators such as crabs. In
this study, we investigated predation by Great Black-backed Gulls (Larus marinus Linnaeus) on three species of crabs (Cancer
borealis Stimpson, Cancer irroratus Say, and Carcinus maenas Linnaeus). The study was at Appledore Island, ME (a gull
breeding island) and 8 other sites throughout the Gulf of Maine, including breeding islands and mainland sites. On Appledore
Island, intertidal and subtidal zones provided over one-third of prey remains found at gull nests, and crabs were a substantial
proportion (~30% to 40%) of the total remains. Similarly, collections of prey remains from intertidal areas indicated that crabs
were by far the most common marine prey. C. borealis was eaten far more often and C. irroratus and C. maenas less often than
expected at each site. Comparing numbers of carapaces to densities of crabs in low intertidal and shallow subtidal zones at each
site, we estimated that gulls remove between 15% and 64% of C. borealis during diurnal low tides. The proportion of C.
borealis eaten by gulls was independent of proximity to a gull colony. Approximately 97% of the outer coast of Maine is within
20 km of a breeding island. Thus, a lot of gull predation on crabs may occur throughout the Gulf of Maine during summer
months. Crabs are important predators of other invertebrates; if predation by gulls reduces the number of crabs in intertidal and
shallow subtidal areas, gulls may have important indirect effects on intertidal food webs.
© 2005 Elsevier B.V. All rights reserved.
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tide and can substantially affect intertidal food webs.
Such opportunistic foragers include birds (e.g., gulls,
shorebirds; Wootton, 1997; Hori and Noda, 2001) and
mammals (e.g., raccoons, minks, bears; Carlton and
Hodder, 2003). These vertebrates have fast metabolic
rates, and their ability to exploit prey over large areas
may be greater than that of slower-moving inverte-
brate predators (Feare and Summers, 1986; Marsh,
1986a; Wootton, 1997). Terrestrial vertebrate preda-
tors are generally limited to foraging in areas exposed
during low tide or in very shallow water. Therefore,
they have the potential to set the upper limit of vertical
distributions of their prey (Edwards et al., 1982;
Good, 1992a).

Avian predators, in particular, are prominent for-
agers in intertidal communities throughout the world
(e.g., Feare and Summers, 1986; Hori and Noda,
2001). Several studies have provided evidence that
birds are capable of reducing the abundance of rocky
intertidal grazers (limpets: Frank, 1982; Hockey and
Branch, 1984; Branch, 1985; Mercurio et al., 1985;
Marsh, 1986b; Hahn and Denny, 1989; Wootton,
1992; sea urchins: Schneider, 1985; Dumas, 1996)
and dominant space-occupiers such as mussels
(Marsh, 1986a; Hamilton, 2000) and barnacles
(Meese, 1993). In contrast, very few studies have
focused on the impact of avian predation on inverte-
brate predators such as crabs. Understanding the
effects of predation on these invertebrates is especially
important because it may have significant conse-
quences for lower trophic levels (e.g., Micheli, 1997).

Rocky intertidal habitats in New England have
served as a model system for studies of several biotic
interactions including competition, herbivory, and
predation (e.g., Menge, 1976; Lubchenco, 1978; Lub-
chenco and Menge, 1978). The vast majority of these
studies focused on interactions among invertebrates.
The few studies on vertebrates suggest that avian
predators, particularly gulls, may play an important
role in this system (Good, 1992b; Dumas and Wit-
man, 1993). During the past century, numbers of
Great Black-backed Gulls (Larus marinus Linnaeus)
and Herring Gulls (L. argentatus Pontopiddan) have
increased dramatically in New England and through-
out the North Atlantic (e.g., Lloyd et al., 1991). Both
species consume intertidal mussels, crabs, lobsters,
and sea urchins (Good, 1992b, 1998; Dumas and
Witman, 1993; Pierotti and Good, 1994; Rome and

Ellis, 2004), while Herring Gulls also eat sea stars
(Dumas, 1996). Pressure on marine invertebrate prey
may increase as gull populations expand.

Our initial observations indicated that crabs, espe-
cially Cancer borealis, are important components of
the diet of gulls. C. borealis consume a wide variety
of prey including other crabs, polychaetes, sea urch-
ins, mussels, and gastropods (Ojeda and Dearborn,
1991; Stehlik, 1993; Siddon and Witman, 2004).
C. borealis is a subtidal crab, but may forage in
intertidal zones during high tide. Cancer productus,
the closest Pacific relative of C. borealis (Harrison
and Crespi, 1999), eats intertidal animals including
mussels and barnacles (Robles et al., 1989), and may
limit the lower distribution of the intertidal snail Lit-
torina sitkana Phillipi (Yamada and Boulding, 1996).
Understanding the factors that limit the abundance of
Cancer crabs in rocky intertidal areas of New England
is important. As highly mobile, large invertebrates,
crabs would have strong ecological effects on inter-
tidal prey (Menge, 1983).

In this study, we investigate predator—prey interac-
tions between gulls and crabs in the Gulf of Maine. Of
the two species of gulls, L. marinus appeared to be the
more important predator of crabs (J.C. Ellis, personal
observation; Good, 1992a). Thus, we focused on pre-
dation by Great Black-backed Gulls on three common
species of crabs: C. borealis, Cancer irroratus, and
Carcinus maenas. The main goals of the study were to
determine the proportion of the crab population eaten
by gulls and identify factors that modify rates of
predation by gulls. Specifically, we addressed the
following questions: (1) What are the rates of preda-
tion on crabs, and how do these rates vary among crab
species and across tidal heights? (2) What is the
impact of predation on densities of crabs in intertidal
and shallow subtidal zones? (3) Are rates and impacts
of predation dependent on proximity to a gull colony?

2. Materials and methods
2.1. Study sites and species

In 2000 and 2002, we conducted studies of gull
diet and predation at the Shoals Marine Laboratory,
Appledore Island, in the Gulf of Maine (42° 58'N; 70°
37'W; Fig. 1). Appledore Island, one of a nine-island
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Fig. 1. (a) Map of the Gulf of Maine showing the 9 sites sampled in 2003. Three sites in each of 3 areas (southwest, central, northeast) were
designated as either: an island hosting a gull breeding colony; a mainland site near (<20 km) a gull colony, or a mainland site far (>20 km) from
a gull colony. The site names and designations are the following. Breeding islands: Smuttynose I. (SI), Fisherman I. (FI), Schoodic I. (SC);
“Near” sites: Jaffery Point (JP), Ocean Point (OP), Blueberry Hill (BH); “Far” sites: Cape Neddick (CN), Sawyer 1. (SA), Bear 1. (BI). (b)
Detailed studies of foraging were conducted on Appledore Island, Maine (42° 58'N-70° 37"W) located approximately 10 km from Portsmouth,
New Hampshire. Each of 12 geographic regions on the island is marked with a Roman numeral. Appledore Ledges and Larus Ledge were used
for behavioral observations and the tethering experiment. The locations of L. marinus subcolonies, where diet data were collected, are marked
according to the year they were sampled: circles=2000; triangles=2002.

archipelago, is located ~10 km from the coast of New
Hampshire, USA. The east side of the island is ex-
posed to heavy wave action from the Atlantic Ocean,
whereas the western side is relatively protected. The
island interior is covered with woody and herbaceous
vegetation; exposed rocky headlands and boulder
coves occur along the shoreline.

To determine whether our findings from Appledore
Island, the location of a large gull colony, were rep-
resentative of other gull colonies and mainland sites in
the Gulf of Maine, we surveyed 9 additional sites in
2003 (Fig. 1). We included 3 sites in each of 3 areas of
the Gulf of Maine: the southwest, central, and north-
ecast. The 3 areas are fairly evenly spread out over the
Gulf of Maine, and were chosen to indicate whether
our results from Appledore Island were representative
of the region. Each site within an area was designated
as either: (1) a gull colony, (2) a mainland site near a

gull colony (within 20 km), or (3) a mainland or island
site far (>20 km) from a gull colony. We selected sites
with large, gently sloping areas of ledge or boulders,
and moderate levels of wave exposure. All three
species of crabs are found in similar habitats in the
Isles of Shoals. One site (Sawyer Island; far from a
gull colony) in the central area was later deemed
unsuitable because neither gulls nor Cancer crabs
occurred there, possibly because it had a mud bottom
instead of rock. Due to logistical limitations, we were
unable to sample a replacement site. Thus, Sawyer
Island was excluded from our analyses leaving 3 gull
colonies, 3 mainland sites near a colony, and 2 sites
far from a colony.

Herring Gulls and Great Black-backed Gulls occur
on offshore islands throughout the Gulf of Maine from
approximately March through September. Both spe-
cies forage in mainland landfills, open ocean, and
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intertidal and shallow subtidal zones. Gulls capture
prey in open ocean and shallow subtidal areas by
paddling on or flying close to the water, then plunging
to a maximum depth of 1 m below the water surface
(Good, 1998; J.C. Ellis, personal observation).

The rocky intertidal and shallow subtidal areas
where gulls forage can be divided into three distinct
zones characterized by the predominant sessile spe-
cies: the barnacle zone (2.1-2.7 m above Mean Lower
Low Water), the Ascophyllum zone (0.6-2.1 m), and
the Chondrus zone (0.6 m to shallow subtidal). Gulls
also feed in the “nearshore” zone, which is the shallow
subtidal zone adjacent to the shore.

2.2. Diet of L. marinus

We assessed diet by collecting prey remains from
around nests and from intertidal foraging areas. Pre-
vious studies indicate that prey remains accurately
reflect dietary composition (Spaans, 1971; Annett
and Pierotti, 1987; Pierotti and Annett, 1990).
Remains were collected in multiple years in order to
evaluate the generality of our results from the first
year. In 2000, regurgitated pellets and whole remains
were collected from 12—15 haphazardly selected nests
in each of two L. marinus subcolonies on Appledore
Island in July and August. In 2002, we increased the
replication by collecting remains from around 10-12
nests selected in each of six subcolonies in July and
August (Fig. 1). Prey were sorted and categorized as
fish, terrestrial vertebrates, crabs, other intertidal
invertebrates, or garbage. Prey were also collected
from Appledore Island in 2001 and the results were
published in Rome and Ellis (2004).

L. marinus leave prey remains in situ when they
forage in intertidal areas. We collected remains from
intertidal areas 0.5 h after low tide, after peak forag-
ing, and before the rising tide removed remains from
the shore. We could attribute remains to a single low
tide because either we collected them or they were
flushed away during high tide. Most of the remains
were carapaces and chelipeds of the crabs C. borealis,
C. irroratus, and C. maenas. Carapaces from crabs
eaten by gulls are easily distinguished from molts
because they lack an abdomen, have small remnants
of flesh inside, and are often found next to detached
claws and legs. Carapaces were identified to species
and their widths measured to the nearest 0.1 mm.

Other intertidal prey remains included sea urchin
tests (Strongylocentrotus droebachiensis Miiller),
blue mussels (Mytilus edulis Linnaecus), and lobster
(Homarus americanus Herrick) carapaces.

In 2000, we collected intertidal prey remains at
Larus Ledge and Appledore Ledges, sites on Apple-
dore Island where densities of foraging gulls are
relatively high (J.C. Ellis, personal observation). In
order to assess the generality of our results from these
two sites, we collected prey remains from all regions
of the shoreline of Appledore Island on 17 July 2001
(except Region IX; Fig. 1) and 11 August 2002. We
further extended our sampling in 2003 by including
8 additional sites in the Gulf of Maine (Section 2.1,
Fig. 1). Remains were collected during two separate
diurnal low tides at each of the 8 sites; two collections
enabled us to more confidently estimate predation
rates. We used a y? test for independence between
samples to determine whether the relative abundance
of crab species represented in carapace remains dif-
fered between Larus Ledge and Appledore Ledges,
and between years along the shoreline of Appledore
Island. We calculated the average proportion (over the
two sampling dates) of each crab species in remains
found at each of the 8 sites in 2003. These proportions
were arcsin (1 x+1.1) transformed then used in a two-
way ANOVA to test for effects of proximity and crab
species on relative abundance of carapaces. Carapaces
collected from Appledore Island and the 8 additional
sites were also used to estimate rates of predation by
gulls on crabs (see Section 2.6).

2.3. Foraging behavior by gulls in intertidal and
shallow subtidal zones

We assessed temporal and spatial patterns of gull
foraging by conducting several behavioral studies.
Foraging was observed at Larus Ledge and Appledore
Ledges from June through August 2000. At Larus
Ledge, we watched gulls from a vantage point on
Appledore Island. Observations of gulls at Appledore
Ledges were conducted from nearby Smuttynose Is-
land (Fig. 1) because boulders and rocky terrain ob-
scured the view from Appledore. Gulls were easily
seen from the vantage point on Smuttynose Island,
which was approximately 170 m from Appledore
Ledges. We used binoculars and a spotting scope to
facilitate observations at both sites. Instantaneous scan
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sampling (Altmann, 1974) was conducted every 15
min from 4 h before until 15 min after low tide and the
numbers of individuals foraging were recorded. This
pilot study indicated that further detailed observations
should be made during peak foraging, ~1 h before to
0.5 h after low tide (see Section 3.2).

More detailed studies were done over 9 days at
Appledore Ledges and 5 at Larus Ledge; due to
logistical constraints, we were unable to complete 9
samples at Larus Ledge, but subsequent studies indi-
cate that our results from this site are representative
(Rome and Ellis, 2004, J.C. Ellis, unpublished data).
At each site, instantaneous scan samples were taken
every 30 min and focal animal samples every 10-15
min. Focal animal samples (Altmann, 1974) were
observations of a single foraging bird for up to 10
min or until foraging definitively ceased. We con-
ducted 88 focal samples at Appledore Ledges and
41 at Larus Ledge. We attempted to avoid observing
the same individual more than once during a single
low tide, but there were likely exceptions because
individual birds were not marked. Observations were
made over multiple days thereby increasing the
chance of sampling multiple individuals. The follow-
ing data were recorded during instantaneous scans:
intertidal and shallow subtidal zone(s) in which gulls
foraged (see description of zones in Section 2.1) and
the number of gulls foraging per scan. During focal
observations, we recorded prey types and the amount
of time spent consuming each individual prey. We
used data from scan samples to assess the distribution
of foraging gulls. Focal observations and scan sam-
ples were used in calculations of the rates of predation
(see Section 2.6).

Data on densities of foraging gulls were trans-
formed (log x+1.1), which corrected heterogeneous
variances, and used in a two-way ANOVA to test for
effects of site and zone on density.

2.4. Depth distribution of predation by gulls

We used a tethering experiment to test whether
the rate of predation by gulls varies with depth
(relative to MLLW). We specifically designed our
experiment to measure relative predation risk at dif-
ferent depths and ensured that tethered crabs had
equal access to shelter sites at each depth. Tethering
experiments can artificially elevate predation rates by

eliminating prey escape or defense responses (e.g.,
Zimmer-Faust et al., 1994). However, tethered and
untethered C. borealis remain stationary and draw in
their chelipeds in response to predators (J.C. Ellis,
unpublished data).

Crab tethers were constructed using a small plas-
tic (cable tie) loop that was fastened to the posterior
portion of the carapace with marine epoxy (A-788
Splash Zone Compound, Kop Coat). The epoxy was
painted with pink nail polish to match carapace
color. We attached a 20 cm length of fine wire to
the plastic loop; the other end of the wire was tied to
a metal eye-bolt. Eye bolts were placed at least 1 m
apart, and fastened into cracks with marine epoxy.
The wire gave tethered crabs some ability to move
and hide.

C. borealis (~60—116 mm carapace width) were
collected from another site on Appledore Island. Each
crab was randomly assigned to one of three depths:
1.0 m, 0.0 m, and —1.0 m (relative to MLLW). At
each depth, crabs were assigned to caged or uncaged
treatments. Cages were used to control for mortality
due to desiccation and loss due to tether failure. Cages
(measuring 46 cm X 30 cm X 15 cm) were built from
hardware cloth (0.4 cm? mesh), and attached to the
substrate with wire connected to an eye-bolt anchored
to the rock. One crab was tethered in each cage.

Each trial of the experiment was conducted during
a single low tide cycle. We tethered crabs during
evening low tides and protected them from foraging
gulls until the rising tide had covered the crabs by at
least 1 m of water. Approximately 30 min after the
next diurnal low tide, we classified each tethered crab
as either attacked (flesh damaged or consumed) or not
attacked. This experiment was replicated on three
different dates (3, 14, 20 August 2000) with low
tides of —0.40 m, 0.34 m, 0.09 m, respectively. In
each trial, sample sizes for uncaged crabs ranged from
8—13 per depth treatment. Control (caged) crabs were
deployed in the first two trials with 2—3 replicates per
depth.

To determine whether attack rates on tethered crabs
differed among depths, we performed a contingency
table analysis. Data were blocked by trial date, and
therefore a Cochran—Mantel-Haenszel test (JMP ver-
sion 5.0) was used in a contingency table analysis to
determine whether there was an association between
attack rate and depth.
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2.5. Densities of crabs

We estimated crab densities in order to assess: (1)
whether rates of predation by gulls varied with respect
to species of crab, and (2) the proportion of the
intertidal and shallow subtidal crab population eaten
by gulls. In 2000, we estimated densities of crabs at
Appledore Ledges and Larus Ledge. At each site, we
snorkeled 1 h prior to low tide and counted crabs in 5
to 6 belt transects (5 m longx 1 m wide) placed
parallel to the shoreline at a depth of —1.0 m. We
identified, counted, and measured the carapace width
(£ 0.1 mm) of all crabs (C. borealis, C. irroratus, and
C. maenas) occurring in each transect. C. borealis is
slow-moving and relatively easy to count and measure
while snorkeling. C. irroratus and Carcinus move
more quickly and when necessary, we collected
them immediately, placed them temporarily in a
mesh bag, and then quickly measured each individual.
All crabs were replaced after measurement.

In 2003, we estimated crab densities at 8 additional
sites in the Gulf of Maine (Fig. 1) to determine
whether results from Appledore Island were represen-
tative of the region. Densities were estimated by
snorkeling ~3.5 h prior to low tide and counting
crabs in 1 m* quadrats (n=15 per site) placed parallel
to the shoreline at 0.0 m (MLLW). We identified,
counted, and measured the carapace width (0.1
mm) of all crabs in each quadrat. Crabs were counted
at 0.0 m because the tethering experiment and behav-
ioral observations at Appledore Island indicated that
this is a depth at which gulls are likely to capture
crabs during most low tides. Gulls begin foraging
around 2.5 h prior to low tide. We counted crabs
~3.5 h prior to low tide so we could observe foraging
during low tide without disturbing the birds. Cara-
paces were collected (see Section 2.2) on 2 days, one
when crabs were counted and the other when they
were not. Numbers of carapaces were similar between
days, indicating that predation by gulls was not af-
fected by counting crabs.

Data from 2000 were log (x+1.1) transformed
to correct for heterogeneous variances, and then
used in a two-way ANOVA to test for effects of
site and species on crab density. Density data from
transects were also used to generate expected fre-
quencies of predation on each species of crab. We
used a y* goodness-of-fit test to compare these val-

ues to numbers of intertidal carapaces (i.e., observed
frequencies).

Density data from 2003 were averaged across the
15 quadrats (I m?) conducted at each site, yielding a
single value for each site. Data were log (x+1.1)
transformed to correct for heterogeneous variances,
and used in a two-way ANOVA to test for effects of
proximity and species on crab density. Density data
from 2003 were also used to generate expected fre-
quencies of predation on each crab species, which
were then compared to intertidal carapace collections
using a y* goodness-of-fit test.

2.6. Rates of predation by gulls on crabs

We used two independent methods to estimate
rates of gull predation on crabs. The first estimate
used the number of carapaces of each crab species
collected from the intertidal at the end of a low tide
(see Section 2.2). By dividing the total number of
carapaces by the length (km) of shoreline over which
carapaces were collected, we calculated the number of
crabs eaten per km of shoreline per diurnal low tide.
This estimate of predation is slightly conservative
because not all carapaces are left in intertidal foraging
areas by the gulls. We used this method to estimate
predation rates at Larus Ledge and Appledore Ledges
in 2000 and at the 8 other study sites in 2003.

The second estimate of predation rate was calcu-
lated using focal animal and instantaneous scan sam-
ple data collected in 2000. From scan samples, we
calculated the average number of foraging Great
Black-backed Gulls over the 90 min period of peak
foraging (60 min before to 30 min after low tide). By
multiplying the average number of gulls feeding by 90
min, and dividing by the length of shoreline included
in the scan samples, we obtained an estimate of the
gull feeding-minutes per km per diurnal low tide.
From the data on focal animals, we estimated the
proportion of total foraging time that was spent feed-
ing on crabs. This proportion was used to determine
the gull crab-feeding-minutes per km per diurnal low
tide. Focal animal data were used to calculate an
average consumption time (min) per crab. The gull
crab-feeding-minutes per km per diurnal low tide was
divided by consumption time per crab to determine
the number of crabs consumed by Great Black-backed
Gulls per km per diurnal low tide.
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A Mann—Whitney nonparametric test was used to
determine whether the number of carapaces per km
shoreline (i.e., predation rate) differed between Larus
Ledge and Appledore Ledges in 2000. In order to
compare rates of predation on Appledore Island be-
tween 2001 and 2002, we calculated the number of
carapaces per km shoreline occurring in each region
(Fig. 1) in both years. These data were then log (x+1)
transformed and used in a one-way ANOVA to test for
differences between years. Carapace data from 2003
were averaged across the two sampling dates for each
site (see Section 2.2), transformed [V (x+1.1)] and
used in a two-way ANOVA in order to determine
whether the rate of predation by gulls varied with
respect to proximity to a gull colony or crab species.

2.7. Impact of predation on abundance of crabs

We calculated population impact (sensu Wootton,
1997), the percentage of the accessible crab popula-
tion eaten by gulls per diurnal low tide. Our observa-
tions and previous studies (Good, 1998) indicated that
gulls can only forage in the top 1 m of water. Thus, we
used the crab density data (see Section 2.5) as an
estimate of the “gull-available” crabs per km of shore-
line. Population impact was calculated as the preda-
tion rate (based on behavioral and/or carapace
abundance data) per diurnal low tide per km divided
by crabs per km of shoreline. We calculated impact at
Appledore Ledges and Larus Ledge using the two
estimates of predation rate. Impact was estimated for
the 8 sites sampled in 2003 by using the average
number of carapaces collected over the two sampling
dates (see Section 2.2), and then dividing by the
number of crabs per km of shoreline. The resultant
proportions were [arcsin (v x)]+ 0.5 transformed and
used in a two-way ANOVA to determine whether
impact varied with respect to proximity to a gull
colony and/or crab species.

3. Results
3.1. Diet of L. marinus
Prey remains collected from around L. marinus

nests (Fig. 1b) included: garbage (especially chicken),
fish (probably bait from lobster boats; Goodale,

2000), terrestrial vertebrates [including muskrats
(Ondatra zibethica), unidentified rodents, and juve-
nile Herring Gulls], and intertidal and shallow subtidal
prey [mussels (M. edulis), sea urchins (S. droeba-
chiensis), lobsters (H. americanus), and crabs (C.
borealis, C. irroratus, C. maenas)]. In 2000, garbage
was the most abundant category, comprising nearly
40% of the prey items (Fig. 2). Marine sources (in-
tertidal and subtidal zones) provided over one-third of
prey found at nests; a substantial proportion (~30%)
consisted of crabs. Similarly, in 2002, crabs and gar-
bage were the most abundant categories, but crabs
comprised a larger proportion of the total (~40%).

Prey remains collected from intertidal areas also
indicated that crabs were an important part of the diet
of L. marinus. In 2000, crabs comprised 100%
(n=24) of remains collected at Larus Ledge and
91% (n=435) at Appledore Ledges; the remainder
was sea urchins and lobsters. The overwhelming ma-
jority (85-96%) of all carapaces were from C. bor-
ealis. C. maenas carapaces were found at Appledore
Ledges, but were absent from Larus Ledge. The rel-
ative abundance of crab species in carapace collec-
tions did not differ significantly between the two sites
(x3=2.71, p=0.258). In 2001, carapaces were found
in all of regions that were sampled on Appledore
Island; in 2002, carapaces were found in all but one
region (Fig. 1; Region III). The vast majority of
carapaces found in 2001 (98%; n=182) and 2002
(93%; n=165) were from C. borealis. The relative
abundance of crab species in carapace collections was
the same between years (y3=5.07, p=0.08).
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Fig. 2. Prey remains (pellets and uningested parts) collected from 4
L. marinus subcolonies on Appledore Island, ME in July and
August 2000 and 2002. Error bars represent+ 1 S.E. n=54 nests
in 2000 and » =72 nests in 2002.
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Fig. 3. Proportion (mean + 1 S.E.) of three crab species in carapace
collections from 3 types of intertidal sites: on an island hosting a
gull breeding colony (7 =3); on the mainland near (<20 km) a gull
colony (n=3), or on the mainland or an island far (>20 km) from a
gull colony (n=2).

Collections of prey remains from intertidal areas at
the 8 additional sites in 2003 were very similar to those
collected at Appledore Island. Crabs were by far the
most common prey item; only 2 green sea urchins (S.
droebachiensis) and 2 blue mussels (M. edulis) were
found in all prey collections (2 collections per site; 139
total prey remains). C. borealis was the most abundant
crab species found in remains at every site, ranging
from 84-91% of all carapaces (Fig. 3). There was a
significant effect of crab species on carapace abun-
dance (two-way ANOVA: I, 15=59.1, p<0.0001), but
no significant proximity (fF,;5=0.03, p=0.97) or
proximity X species effect (F4,5=0.20, p=0.93).
There were significantly more C. borealis carapaces
than C. irroratus and C. maenas at all 8 sites (Tukey—
Kramer HSD, p <0.05).

3.2. Foraging behavior of gulls in intertidal and
shallow subtidal zones

In 2000, scan sampling of gulls over 4 h prior to
and 15 min after low tide showed that foraging began
about 135 min before low tide, increased dramatically
through low tide, and declined quickly thereafter. In
2003, we observed foraging for a longer period of
time after low tide (105 min) and found similar
results. Foraging peaked around low tide and declined
until it reached consistently low levels (1 individual
foraging per scan sample) approximately 60 min after
low tide.

Further scan sampling in 2000 at Appledore
Ledges (n=8 low tides) and Larus Ledge (n=5)
during the period 60 min before to 30 min after low
tide showed that mean densities of foraging gulls were
11.6 (£1.7 S.E) km " and 11.0 (+2.2 S.E.) km™ ',
respectively. There was a significant intertidal zone
effect on densities of foraging gulls (two-way
ANOVA: F3 44=20.6, p<0.0001), but no significant
site (£144=0.71, p=0.40) or site X zone interaction
(F344=1.62, p=0.20). Densities were significantly
higher in the Chondrus and Ascophyllum zones com-
pared to nearshore and barnacle zones (Tukey HSD
post hoc test: p<0.05; Fig. 4).

Focal animal samples showed that gulls general-
ly consumed crabs in intertidal zones (i.e., Asco-
phyllum, Chondrus zones), but caught them in
shallow subtidal areas (i.e., nearshore zone). Thus,
scan samples indicated where gulls were located
while consuming prey, but did not necessarily rep-
resent the locations where prey were originally
captured.

Data from 129 focal animal observations (41 at
Larus Ledge, 88 at Appledore Ledges) showed that
32.1% and 28.9% of gull foraging time was spent
consuming crabs at each site, respectively, with a
mean consumption time of 3.5 (£ 0.5 S.E.) min per
crab.

Barnacle ]EI

Ascophyllum
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Nearshore E_'
T T T T T T T T T 1
0 2 4 6 8 10

Number of Foraging Gulls/Km

Fig. 4. Mean (+ 1 S.E.) number of foraging L. marinus (km™ ') at
two sites in three intertidal zones (barnacle, Ascophyllum, Chon-
drus) and nearshore. Instantaneous scan samples were conducted
every 30 min from 1 h before to 0.5 h after a single low tide. n=8
sampling dates at Appledore Ledges and n=>5 at Larus Ledge.
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3.3. Depth distribution of predation by gulls

In the tethering experiment, all but one of the caged
crabs was found alive and attached to tethers at the end
of the experiment. The single exception occurred
when a cage was dislodged by waves and no longer
covered the tethered crab. Predation on tethered
crabs varied significantly across depths (Cochran—
Mantel-Haenszel test: y3=57.1, p<0.0001). In all
three trials of the experiment, 100% of crabs were
attacked at 1.0 m (Ascophyllum zone) and 0.0 m
(Chondrus zone), whereas 20—40% were attacked at
— 1.0 m (shallow subtidal zone).

3.4. Densities of crabs

Crab densities at 1 m below MLLW in 2000 were
8% higher at Appledore Ledges than Larus Ledge; the
two sites also differed in relative abundance of the 3
crab species (Fig. 5). The two-way ANOVA showed
significant site (£;,7,=28.93, p<0.0001), species
(F227=4.17, p=0.026), and site X species interaction
effects (F527=10.86, p=0.0003) on densities. The
site X species interaction indicated that the relative
abundances of crab species did not differ significantly
at Larus Ledge, whereas at Appledore Ledges densi-
ties of C. maenas were significantly greater than those
of C. borealis and C. irroratus (Tukey—Kramer HSD:
p<0.05).

Crab density data were also used to generate
expected proportions of each crab species in intertidal
carapace collections. A y? goodness-of-fit test showed
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Fig. 5. Mean (+ 1 S.E.) abundances of the 3crab species at —1.0 m
(relative to MLLW) within 5 m? belt transects. Error bars
represent+ 1 S.E. n=5 transects at Appledore Ledges n=6 at
Larus Ledge.
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Fig. 6. Mean (£ 1 S.E.) abundances of the 3 crab species at 0.0 m
(relative to MLLW) within 1 m? quadrats from 3 types of intertidal
sites: on an island hosting a gull breeding colony (n=3); on the
mainland near (<20 km) a gull colony (#=3), or on the mainland or
an island far (>20 km) from a gull colony (n=2). Fifteen quadrats
were sampled at each of the 8 sites.

that the carapace species proportions differed from
those found in shallow subtidal populations, with C.
borealis preyed upon far more often and C. maenas
less often than expected at both sites (Appledore
Ledges: x3=2632.6, p<0.0001; Larus Ledge:
x3=11.43, p=0.003).

In 2003, average density of all species of crabs in
quadrats (at 0.0 m) ranged from 0.87—4.5 m™~ % among
the 8 sites. Densities were similar among sites regard-
less of proximity to a gull colony (Fig. 6). There was a
significant species effect on densities (two-way
ANOVA: F,,5=4.24, p=0.035), but no effect of
proximity (F,;5=0.15, p=0.86) and no species X
proximity effect (F4,5=0.17, p=0.95). Densities of
C. maenas were significantly greater than those of C.
borealis, but did not differ significantly from C. irror-
atus (Tukey—Kramer HSD, p <0.05).

Densities of crabs in quadrats were also used to
generate expected proportions of each species in car-
apace collections (all sites combined). A y* goodness-
of-fit test showed a similar pattern to that found on
Appledore Island: C. borealis was preyed upon far
more often and C. maenas and C. irroratus less often
than expected (y3=1759.4, p<0.0001).

3.5. Rates of predation by gulls on crabs

In 2000, the average number of crab carapaces per
km of shoreline per diurnal tidal cycle (i.e., predation
rate) was 58.9+9.2 (+1 S.E., n=10 tidal cycles) at
Appledore Ledges and 60.1 = 13.0 (n=3 tidal cycles)
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at Larus Ledge. Rates of predation on crabs (all
species combined) did not differ significantly between
Appledore Ledges and Larus Ledge (Mann—Whitney
test, p=0.866).

Among regions on Appledore Island, predation
rates ranged from 6.8 to 97.5 per km in 2001 and
from 0 to 64.1 per km in 2002. The average (£ 1 S.E.)
rate of predation per km in 2001 was 35.3 £+ 8.9, while
in 2002 the average for the entire island was
26.6 £ 5.3 per km. Predation rates did not differ sig-
nificantly between the 2 years (one-way ANOVA,
F1,21 =0.53, P 2047)

The average (£ 1 S.E.) predation rate in 2003 was
87.6 +31.5 at the three breeding islands, 108.0 +49.2
at the 3 mainland sites <20 km from a breeding island,
and 67.5+53.2 at the two sites >20 km from a
breeding island. The rate of predation did not vary
significantly with distance from a colony (two-way
ANOVA: F,5=0.21, p=0.81), nor was there a sig-
nificant proximity X crab species interaction (/4 5=
0.34, p=0.85). However, rates of predation varied
significantly with respect to crab species (f5 5=
9.30, p=0.002); predation on C. borealis was signif-
icantly greater than on C. irroratus and C. maenas
(Tukey—Kramer HSD, p <0.05).

3.6. Impact of predation on abundance of crabs

The rate of predation on C. borealis (as determined
through behavioral observations in 2000) during a
single diurnal tidal cycle was 83 crabs removed per
km of shoreline at Larus Ledge and 73 at Appledore
Ledges. Comparing these numbers with densities of
crabs in — 1.0 transects, we estimated that gulls eat
50% and 36% of C. borealis in shallow subtidal areas
at Larus Ledge and Appledore Ledges, respectively.
Estimates of predation impact from intertidal carapace
collections in 2000 were 35% at Larus Ledge and
25% at Appledore Ledges.

Similar calculations for the 8 additional sites in the
Gulf of Maine indicated that gulls ate 15.3—64.4% of
C. borealis, 0-12.9% of C. irroratus, and 0-0.8% of
C. maenas occurring in the low intertidal zone
(around 0.0 m) at each site (Fig. 7). Gulls removed
a mean of 30.6% % 5.56 S.E. of C. borealis occurring
in the low intertidal zone across the 8 sites. Proximity
to a gull colony did not affect population impact (two-
way ANOVA: F,,5=0.13, p=0.88). There was no
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40
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Fig. 7. Impact of gull predation on intertidal/shallow-subtidal popu-
lations of 3 crab species from 3 types of intertidal sites: on an island
hosting a gull breeding colony (7 =3); on the mainland near (<20
km) a gull colony (n=3), or on the mainland or an island far (>20
km) from a gull colony (n=2). Impact was calculated by dividing
the mean number of crab remains (carapaces) per linear distance of
shore by the mean density of crabs found in 1 m? quadrats at 0 m
(relative to MLLW). Results are expressed as mean (+1 S.E.)
percentages of crabs consumed per diurnal low tide.

significant ~ proximity X crab  species interaction
(F415=0.11, p=0.98), but population impact was
dependent on crab species ([F,,15=28.6, p<0.0001).
Impact was significantly greater on C. borealis than
on C. irroratus and C. maenas (Tukey—Kramer HSD,
p<0.05).

4. Discussion

Our results from multiple years and sites through-
out the Gulf of Maine indicate that crabs are a signif-
icant component of Great Black-backed Gull diet.
Rates of predation on crabs varied among sites, but
were quite high at some. Crabs comprised a large
portion of the diet of gulls on Appledore Island in
both 2000 and 2002. Similarly, in a related study
conducted on Appledore in 2001, crabs comprised
between ~20% and ~50% of prey remains collected
from June through September (Rome and Ellis, 2004).
Collections of intertidal prey remains further demon-
strated that crabs, especially C. borealis, were a sig-
nificant component of gull diet at all sites.

When extrapolated over a breeding season, preda-
tion on C. borealis in intertidal and shallow subtidal
areas is considerable. Based on carapace collections
from the entire coast of Appledore Island in 2001 and
2002, gulls can remove an average of 165.5 crabs per
diurnal spring tide (low tide height of 0.0 m or less).
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In 2001 and 2002, there were approximately 36-37
diurnal spring tides from June through August (Har-
bor Master 5.2.0). Thus, gulls potentially removed
5958-6123.5 C. borealis during the summer season
each year. If gulls removed only half the number of
crabs (165.5/2=82.7) during daylight low tides great-
er than 0.0 m in height, an additional 6203-6533 C.
borealis were eaten. In total, an estimated 12,161 C.
borealis were removed during 2001 and 12,656 in
2002 during the period of maximal gull foraging on
crabs. These estimates are conservative because gulls
begin foraging on crabs in late May and continue
through September (J.C. Ellis, personal observation;
Rome and Ellis, 2004). Carapace collections from
other colonies and mainland sites indicated that pre-
dation rates occurring on Appledore Island, a gull
colony, are similar to those found at a variety of
locations throughout the Gulf of Maine.

Several lines of evidence demonstrate that gull
predation reduces densities of C. borealis in intertidal
and shallow subtidal areas during low tide. Estimates
from behavioral observations on Appledore Island
indicated that 36% to 50% of available C. borealis
were removed on each diurnal low tide cycle; calcula-
tions from carapace collections yielded more conser-
vative estimates of 25% to 35%. Similarly, in the crab
tethering experiment, 20-40% of C. borealis at —1.0
m were attacked by gulls; all crabs tethered at 1.0 m
and 0.0 m were attacked. Finally, gulls consumed an
average of 31% of the C. borealis available at eight
additional sites throughout the Gulf of Maine. These
estimates are remarkably similar and suggest that the
impact of predation on C. borealis on Appledore is
representative of many areas in the Gulf of Maine
where gulls and C. borealis co-occur.

The total number of gulls in intertidal areas during
low tide can be much greater on breeding islands than
mainland sites. However, the majority of these indi-
viduals are often resting or preening rather than for-
aging (O’Keefe and Ellis, unpublished data; see also
Wootton, 1997). Therefore, high densities of gulls do
not necessarily predict high predation rates. Behavior-
al observations at the § sites sampled in 2003 indicat-
ed that a small number of individuals were capable of
removing numerous crabs during a single low tide. In
fact, predation rates at the 3 sites within 20 km of a
breeding island were as high as, or higher than, those
occurring on the 3 breeding islands. There are over

320 islands in the Gulf of Maine on which gulls breed
(R. Houston, unpublished data) and approximately
97% of the outer coast of Maine (~1854 km in total
length) is within 20 km of a breeding island (O’Keefe
and Ellis, unpublished data). Given that gulls can
forage at least 40 km from a colony (Kubetzki and
Garthe, 2003), rates of predation on crabs may be
significant throughout much of coastal Gulf of
Maine during the summer.

High removal rates of shallow-subtidal/intertidal C.
borealis by gulls can only be maintained through
immigration from a large subtidal population. One
possibility is that, like its Pacific relative C. produc-
tus, C. borealis migrates into the intertidal during
nocturnal high tides (Robles et al., 1989). However,
previous work in the Isles of Shoals showed that
active C. borealis were 20X more abundant during
the day than at night, possibly due to avoidance of
predation by nocturnal lobsters (H. americanus;
Novak, 2004). Thus, C. borealis probably move into
intertidal/shallow-subtidal areas on crepuscular or di-
urnal high-tides, with at least some remaining there
during the following low tide.

The impact of gull predation on crabs is limited to
the area of overlap between gull foraging habitat and
crab habitat. The vast majority of C. borealis and C.
irroratus occur deeper than the foraging depth of gulls
(e.g., Rathbun, 1930; MacKay, 1943; Williams, 1965;
Witman et al., 2003; Siddon and Witman, 2004). In the
Isles of Shoals, Novak (2004) found that at depths of
—9.0 to —11.0 m, population densities of C. borealis
were at least 2X the densities in the shallow subtidal
(—1.0 to —3.0 m). Despite the fact that gulls can
consume over 60% of the standing crop of shallow
subtidal (0 m to — 1.0 m) C. borealis per diurnal low
tide, this probably represents only a tiny fraction of the
entire subtidal population. Predation may be very im-
portant in limiting the abundance and distribution of C.
borealis in intertidal and shallow-subtidal habitats, but
have little effect on overall population size.

Surprisingly, predation rates on the two other com-
mon species of crabs, C. irroratus and C. maenas, are
much lower than predicted by their relative abun-
dances in the field. It is particularly striking that C.
maenas, which has its major population densities
within the range of gulls, is rarely eaten by Great
Black-backed Gulls. Hypotheses explaining this phe-
nomenon are currently under investigation, and in-
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clude differential: (1) crypticity; (2) chemical or struc-
tural defenses; (3) behavioral defenses; (4) microhab-
itat use; and/or (5) profitability. Dumas and Witman
(1993) studied Herring Gulls feeding in mid-intertidal
pools and found that C. maenas was eaten less often
than C. irroratus. The pink carapace of C. irroratus
may have been more conspicuous than the dark-col-
ored carapace of C. maenas against the dark back-
ground of the intertidal mussel bed.

Our study indicated that foraging peaks around low
tide, and that crabs are most vulnerable to predation
by gulls during this period. Behavioral observations
conducted during a single low tide indicated that
foraging begins at least 2.5 h prior to low tide, and
can continue up to approximately 1.5-2.0 h afterward.
This period also corresponded to initial emergence
and final submergence of the Chondrus zone. Thus,
gulls appear to capture crabs primarily while the
Chondrus zone (0.6 m to shallow subtidal) is exposed.
Depending on the height of the low tide, crabs may be
vulnerable to predation for as much as 4-5 h/day
during diurnal low tides. Gull predation appears to
reduce the abundance of crabs in intertidal and shal-
low subtidal zones, either via escape response and
emigration of crabs or through direct mortality.
Thus, gulls may indirectly affect prey of crabs includ-
ing other crabs, polychaetes, sea urchins, mussels, and
gastropods (Ojeda and Dearborn, 1991; Stehlik, 1993;
Siddon and Witman, 2004).

Our results indicate that gulls are important pre-
dators of crabs in rocky intertidal and shallow subtidal
habitats in the Gulf of Maine. Gulls have the potential
to limit the abundance of crabs in rocky intertidal
zones. Several studies have shown that birds are
capable of reducing densities of rocky intertidal gra-
zers and dominant space-occupiers. However, ours is
one of very few studies to demonstrate impacts of
avian predators on densities of mobile invertebrate
predators. Invertebrate predators, in turn, have the
potential to strongly impact a variety of invertebrate
prey. Thus, predation by gulls should be included in
models of New England rocky intertidal food webs.
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