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INTRODUCTION

The patchy distribution of individuals in marine ben-
thic environments can be related to variation in envi-
ronmental conditions (Vernberg & Vernberg 1983),
morphological characteristics of predators (Styrishave
et al. 2004), and biological interactions such as compe-
tition (Whittaker & Levin 1977). For example, predators
may lose prey items to competitors or waste time in

aggressive interactions, resulting in decreased feeding
rates. This poses a challenge for foraging predators to
maximise food uptake while minimising the negative
effects of competition. Identifying the key determi-
nants of benthic predator distributions is crucial in
understanding the dynamics of predator and prey pop-
ulations in marine environments. In this paper, we
assessed the role of predator morphology, prey avail-
ability and competition in determining the distribution
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of an important benthic predator, the shore crab Carci-
nus maenas (L.).

The shore crab occurs abundantly along European
Atlantic coasts and estuaries, and has invaded the
North American Atlantic coasts (Berrill & Arsenault
1982) and some areas in southern Africa, Australia and
the Pacific coast of North America (Cohen et al. 1995).
The local occurrence of shore crabs varies with habitat
characteristics such as tidal regime and water depth,
and depends on their size, sex and colour. Generally,
males are more migratory than females, and green
crabs, which are in early or normal intermoult, are
more migratory than red crabs, which are in prolonged
intermoult (Crothers 1968, McGaw & Naylor 1992,
Warman et al. 1993, Aagaard et al. 1995). Red crabs
are competitively stronger than similarly sized green
crabs (Kaiser et al. 1990), but this is achieved at the
expense of lower physiological tolerance, as green
crabs are more resilient to environmental extremes
(McGaw & Naylor 1992, Reid et al. 1997, Styrishave et
al. 2004) and can therefore exploit more foraging areas
than red crabs.

We studied the spatial distribution of shore crabs on 3
intertidal mudflats in the western Wadden Sea (The
Netherlands) where we sampled shore crabs and their
prey: bivalves, polychaetes and crustaceans (Afman
1980, Pihl 1985, Ansell et al. 1999). Since morphology in-
fluences the distribution of shore crabs, we scored their
sex, size and colour. Because shore crabs undertake long
feeding migrations from the gullies to for-
aging areas on the adjacent mudflat
(Hunter & Naylor 1993), we incorporated
the gully–mudflat distance into the sam-
pling design. With this field study, we
aimed to assess the relative importance
of crab morphology and prey availability
in different feeding areas in determining
shore crab distributions. Furthermore,
we applied ideal free distribution (IFD)
theory to the field data to test if crabs dis-
tributed themselves optimally in terms
of balancing competition from con-
specifics and feeding opportunities in dif-
ferent feeding areas. IFD theory assumes
that animals have perfect knowledge of
feeding areas (ideal), and that they are
free to move to the area that maximises
food rewards (Fretwell & Lucas 1969).
Animals will then distribute themselves
such that no individual can improve its
feeding rate by moving to another area.
IFD theory has been successfully used in
the field to understand the way animals
distribute themselves (Bautista et al.
1995, Milinski et al. 1995, Alonso et al.

1997). To formulate ideal free predictions of the distrib-
ution of crabs, we used the 2-phenotypes interference
model (Smallegange & van der Meer 2009). This model
gives the expected per capita feeding rate for dominant
and subordinate competitors as a function of prey den-
sity and competitor type and density, and is based on
laboratory observations of foraging shore crabs (Smalle-
gange et al. 2006, Smallegange & van der Meer 2007).
The 2-phenotypes interference model assumes that pre-
dators forage on a single prey type. In our IFD tests, we
focused on 2 prey categories. Up to 50% of the diet of
shore crabs in the Wadden Sea consists of brown shrimps
Crangon crangon (Afman 1980); hence, this was our first
prey category. The second prey category was infauna,
which consisted mainly of bivalve prey species. The IFD
tests (1) compared the observed with the predicted dis-
tributions of shore crabs, and (2) tested whether the ex-
pected feeding rates of crabs (calculated using the field
data) were in line with ideal free predictions.

MATERIALS AND METHODS

Sampling sites. The 3 intertidal mudflats in the study
area (Balgzand, Ballastplaat and Waardgronden) are
located in the western Dutch Wadden Sea (Fig. 1).
Each tidal flat was adjacent to a major gully and was
0 to 1.2 m above mean low-water spring tide. On each
tidal flat, 3 transects were established perpendicular to
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Fig. 1. Locations of the 3 transects on each tidal flat (Balgzand, Ballastplaat and 
Waardgronden, in grey) in the Western Wadden Sea, The Netherlands
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the gully (Fig. 1). The position of each transect was
randomly selected. Perpendicular to each transect,
samples were taken in the gully and on each tidal flat
at 5 distances from the gully: 0 (on the rim of the gully),
100, 600, 1100 and 1600 m away from the gully. We
chose these specific locations to cover the foraging
range of shore crabs: at low tide, adult shore crabs
(>35 mm carapace width, CW) retreat to deeper waters
such as gullies, whereas juvenile shore crabs (<35 mm
CW) burrow on the tidal flats (Hunter & Naylor 1993).
At high tide, adult shore crabs move from the gullies
onto the tidal flats to forage and can make return jour-
neys of 400 m to 1 km (Crothers 1968, Dare & Edwards
1981, M. Bergman & T. H. W. van der Veer unpubl.
data). Samples were taken starting at 1.5 h before to
1.5 h after high-water spring tide. Since sampling was
conducted during spring tide, the tidal flats had been
completely exposed during low tide, ensuring that all
adult crabs on the tidal flats had migrated there in the
last 6 h (Hunter & Naylor 1993). Samples were col-
lected on June 8 (Balgzand), July 5 and 6 (Ballastplaat),
and July 8 and 21 (Waardgronden), 2004. Shore crabs
prefer to forage at night (Afman 1980, Ansell et al.
1999), but sampling was done during daytime for logis-
tical reasons. We assume, however, that a sufficient
number of crabs still forages during the day, allowing
us to draw conclusions on their spatial distribution in
relation to prey availability.

Sampling methods. Shore crabs feed on bivalves
(such as the mussels Mytilus edulis, cockles Cerasto-
derma edule and sand gapers Mya arenaria; Reise
1985, Sanchez-Salazar et al. 1987, van der Veer et al.
1998), polychaetes (Ansell et al. 1999), and crustaceans
(mainly brown shrimps; Afman 1980, Pihl 1985). At
each sampling site, we sampled both shore crabs and
their prey (shrimps, other crustaceans, bivalves, and
polychaetes). Samples of shore crabs and shrimps were
collected in the gullies by towing a 2 m beam trawl
(mesh size 5.5 mm) over a distance of
~50 m, and on the tidal flats by towing
a 1 m beam trawl over a distance of
~100 m (mesh size 5.5 mm). The exact
length of each haul was recorded using
a measuring wheel that was attached to
the beam trawl. A day after collection,
shore crabs were sexed and the colour
of their abdomen was determined using
a colour index ranging from green (1) to
shades of yellow and orange (2–9) to
red (10) (Lee et al. 2005). Shore crabs
were sized to the nearest 5 mm accord-
ing to their CW. For the analyses, crabs
were categorized in 2 colour and 2 size
classes: either green (colour codes 1–5)
or red (colour codes 6–10) and as juve-

niles (CW between 10 and 35 mm) or adults (carapace
width >35 mm). Crabs <10 mm were excluded from
the analyses because the catch efficiency for crabs of
this size was too low to provide accurate abundance
estimates (H. W. van der Veer unpubl. data). Shrimps
were frozen after collection and later sized to the near-
est 5 mm and assigned to 1 of 2 size classes: 0–25 mm
carapace length and 25–65 mm carapace length. Shore
crab and brown shrimp abundances were expressed in
no. per 100 m2.

Immediately after epibenthic sampling, 3 box corer
(15.6 cm diameter, 20 cm depth) samples were taken
twice (to reduce variability) at each sampling location
in the gully, and 5 corer (16.6 cm diameter, 20 cm
depth) samples were taken twice at each sampling
location on the tidal flats for analyses of the infauna.
Samples were sieved (mesh size 1.1 mm), placed in
plastic bags and maintained in a refrigerator for <24 h.
The day after collection, the infauna in the samples
was sorted to species level or coarse taxonomic groups,
and only the infauna that was potential prey for shore
crabs (Table 1) was processed. The selected infauna
was dried for 3 d in an oven at 60°C and incinerated at
550°C for 2 h to determine ash-free dry mass (AFDM).
Shells of bivalves were removed prior to determining
the AFDM.

Data analysis. Using redundancy analysis (RDA), we
related the composition of the shore crab population to
variation in the environment. Shore crab abundances
(no. per 100 m2) were split into 8 classes based on life
stage (juvenile, adult), sex (male, female) and colour
(green, red). The environmental variables used were
distance from the gully (0, 3, 100, 600, 1100 and
1600 m) and prey availability (abundance of infauna,
g AFDM m–2; and abundance of brown shrimps, no.
per 100 m2). Due to the presence of 0 observations, the
abundances of shore crabs, brown shrimps and
infauna were log(1 + value)-transformed.
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Species Criteria Source

Annelids All except R. Dekker (pers. comm.)
Arenicola marina

Macoma balthica >5 mm R. Dekker (pers. comm.)

Tellina spp. >5 mm R. Dekker (pers. comm.)

Cerastoderma edule 5–20 mm Mascaró & Seed (2000, 2001)

Mytilus edulis 5–25 mm Mascaró & Seed (2000, 2001)

Ensis americanus >5 mm I. M. Smallegange (unpubl. data)

Mya arenaria >5 mm Mitchell et al. (2003)

Crustacea All except Afman (1980)
Carcinus maenas

Table 1. Species and size criteria used to determine potential prey for shore crabs
Carcinus maenas in the benthos samples. Shell lengths were based on maximum 

shell lengths and measured to the nearest mm using electronic calipers
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An assumption of RDA is that crab abundances in-
crease monotonically with increasing values of the
environmental variables. We assumed this to be the
case, especially with respect to the prey variables. The
analysis and graphical displays were performed in
Canoco 4 (ter Braak & 2milauer 1998).

Using univariate split-plot analyses, we investigated
how the abundance of shore crabs, shrimps, and infau-
nal density varied between and within tidal flats. The
basic statistical model of each analysis included tran-
sects as plots, tidal flat (TF, 2 df) as an among-plots fac-
tor and distance from the gully (D, 5 df) as a within-
plots factor. To analyse shore crab abundance (no. per
100 m2), we added the within-plots factors sex (Se,
1 df), colour (C, 1 df) and body size (Si, 1 df) to the basic
model. To analyse shrimp abundance (no. per 100 m2),
the within-plots factor body size (Si, 1 df) was added to
the basic model. Abundances were log-transformed to
conform with the normality assumption of ANOVAs,
and analyses were performed in Systat 10 (SPSS). Log-
transformed shore crab abundances violated the nor-
mality assumption; therefore, a permutation approach
was used to obtain significance levels (Manly 1997). A
total of 1000 random permutations of all observations
were generated and each time, the analysis was per-
formed as a complete data analysis (in MatLab 6.5).
The F-value obtained using the observed data was
compared with the 95% point of the distribution of
F-values obtained from the random permutations,
which we refer to as the critical F-value.

RESULTS

Shore crab abundance and environmental variation

The first and second RDA axis, respectively, ex-
plained 20 and 1% of the total variance in the shore
crab abundance data. The first RDA axis was mainly
due to a gradient in large shrimp abundance (correla-
tions between first axis and infauna, small shrimps,
large shrimps and distance were –0.24, –0.55, 0.81 and
–0.52, respectively), while the second axis was mainly
due to a gradient in small shrimp abundance (correla-
tions between second axis and infauna, small shrimps,
large shrimps and distance were –0.21, –0.72, –0.52
and –0.61, respectively). No precise inferences could
be made for red juvenile males and green adult
females as their location in the ordination diagram was
too close to the origin (Fig. 2). The abundance of adult
crabs and green juveniles of both sexes correlated pos-
itively with the abundance of large shrimps (inferred
from the narrow angles between the large shrimps
arrow and the adult crab and green juvenile lines;
Fig. 2). The abundance of adults and red juvenile

females correlated negatively with that of small
shrimps and distance on the mudflat (inferred from the
wide angles between the small shrimps and distance
on mudflat arrows and the adult crab and red juvenile
female lines; Fig. 2). The abundance of red juvenile
females showed a weak positive correlation with the
abundance of large shrimps.

Variations in shore crab abundance between and
within tidal flats 

The statistical model contained 5 factors and there-
fore many interactions. Several main effects, 2- and
3-way interactions were significant (Table 2). Results
were interpreted from the highest order interaction
down to the main effects.

Overall, shore crab abundance was highest in the
gully adjacent to each tidal flat. However, crab abun-
dances on the tidal flats differed between the sexes
and between tidal flats (significant interaction D × Se ×
TF; Table 2, Fig. 3). On Balgzand, more females than
males were present in the gully. Their abundances on
the tidal flat did not differ and were generally lower in
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Fig. 2. Carcinus maenas. Redundancy analysis (RDA) ordina-
tion diagram with the different crab classes (lines) (ad.: adult,
juv.: juvenile), sites (dots) and environmental variables (ar-
rows). The horizontal and vertical axes are the first and sec-
ond RDA axes, respectively. Arrows pointing in roughly the
same direction indicate a high positive correlation; those
crossing at right angles indicate near-0 correlation, and those
pointing in roughly opposite directions indicate a high nega-
tive correlation (the cosine of the angle between a crab class
and an environmental arrow approximates their correlation
coefficient). Inferences about the correlations of crab classes 

near the centre of the diagram are imprecise
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the gully except for a peak at 600 m from the gully. In
contrast to the gully on Balgzand, more males than
females were present in the gully on Ballastplaat, but
both decreased in abundance with increasing distance
from the gully. On Waardgronden, the difference in
the distribution patterns of males and females was less
pronounced: their abundance was highest in the gully

and decreased with increasing distance from the gully,
although the abundance of females increased again at
1600 m from the gully. Despite these subtle differences
in how males and females were distributed on the tidal
flats, the general pattern was that on Ballastplaat, and
to a lesser extent on Waardgronden, the abundance of
males was higher than that of females, whereas the
abundance of females was higher than that of males on
Balgzand (highly significant interaction Se × TF).

On Balgzand, the abundance of males and females
showed a peak at 600 m from the gully (Fig. 3). This
peak was mainly due to the high abundance of juve-
nile crabs at this location, whereas the abundance of
adults showed little variation with increasing distance
from the gully. On Ballastplaat and on Waardgronden,
juveniles and adults were distributed in a different
manner (significant interaction D × Se × TF; Table 2,
Fig. 3). On Ballastplaat, the abundance of juveniles de-
creased and then increased again with increasing dis-
tance from the gully, whereas the abundance of adults
decreased with increasing distance from the gully. On
Waardgronden, the abundance of both juveniles and
adults decreased with increasing distance from the
gully. Despite these differences in the distribution pat-
terns between juveniles and adults on the tidal flats,
the fact that the interaction Si × TF was highly signifi-
cant indicates that the difference in abundance
between juveniles and adults was nevertheless much
higher on Balgzand than on Ballastplaat or Waard-
gronden. Since the interactions Se × Si and Se × Si × TF
were not significant, the aforementioned patterns were
probably the same for both males and females.

For the 2 colour groups, i.e. crabs that were
green(ish) and those that were red(dish), abundance
differed with distance from the gully and these distrib-
ution patterns in turn differed between males and
females (significant interaction D × Se × C; Table 2,
Fig. 3). Both the abundances of green and red males
decreased with increasing distance from the gully. The
abundance of red females also decreased with increas-
ing distance from the gully, yet the abundance of
green females first decreased and then increased with
increasing distance from the gully. Furthermore, the
difference in the abundances of green and red crabs
was greater for males than for females (highly signifi-
cant interaction Se × C). The latter interaction also dif-
fered between tidal flats (significant interaction Se × C
× TF; Table 2, Fig. 4). On Balgzand, fewer green
females than green males were present, whereas the
abundance of red females was higher than that of red
males. On Ballastplaat, more green males than green
females were present, but the abundance of red males
and females did not differ. On Waardgronden, more
green than red crabs were present and this applied to
both sexes. The abundances of green and red crabs
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Factor df MS F Fcrit.

Between plots
Tidal flat (TF) 2 3.6 5.5 5.2
Error 6 0.7

Within plots
Distance (D) 5 31.2 9.7 2.5
D × TF 10 4.0 1.3 2.1
Error 30 3.2

Sex (Se) 1 6.3 44.1 5.5
Se × TF 2 3.7 26.1 4.4
Error 6 0.1

Colour (C) 1 249.1 318.5 5.8
C × TF 2 0.3 0.4 4.4
Error 6 0.8

Size (Si) 1 73.8 70.1 5.8
Si × TF 2 17.0 16.1 5.1
Error 6 1.1

D × Se 5 0.7 3.0 2.4
D × Se × TF 10 0.9 3.9 2.2
Error 30 0.2

D × C 5 1.0 1.5 2.6
D × C × TF 10 0.6 0.9 2.2
Error 30 0.7

D × Si 5 1.3 3.1 2.6
D × Si × TF 10 1.3 3.1 2.2
Error 30 0.4

Se × C 16.8 156.1 6.1
Se × C × TF 2 1.9 17.3 5.3
Error 6 0.1

Se × Si 1 3.9 5.7 6.2
Se × Si × TF 2 0.1 0.1 5.2
Error 6 0.6

C × Si 1 83.9 216.4 5.4
D × Se × TF 2 3.8 9.7 5.3
Error 6 0.4

D × Se × C 5 1.9 4.5 2.5
D × Se × C × TF 10 0.6 1.5 2.2
Error 30 0.4

D × Se × Si 5 1.2 2.5 2.5
D × Se × Si × TF 10 0.2 0.4 2.2
Error 30 0.5

D × C × Si 5 0.3 1.1 2.4
D × C × Si × TF 10 0.5 1.8 2.1
Error 30 0.3

Se × C × Si 1 1.4 9.3 7.1
Se × C × Si × TF 2 0.4 2.6 4.8
Error 6 0.2

D × Se × C × Si 5 0.3 0.6 2.5
D × Se × C × Si × TF 10 0.3 0.5 2.2
Error 30 0.5

Table 2. Carcinus maenas. ANOVA of (log-transformed)
abundance. F-values in bold are higher than the critical 

F-value (Fcrit.) at α = 0.05
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also differed between juveniles and adults. The differ-
ence in the abundances of green and red crabs was
greater for juveniles than for adults (highly significant
interaction C × Si). The latter interaction, again, also
differed between tidal flats (significant interaction D ×
Se × TF; Table 2). The abundance of green crabs was
highest on Balgzand, which was mainly due to the high
abundance of green juveniles relative to that of red
juveniles, whereas there was no difference in the

abundances of green and red adults. A similar but
weaker pattern was evident on Ballastplaat. On Balg-
zand and Ballastplaat, the abundances of red juveniles
and red adults were similar, but more red adults than
red juveniles were present on Waardgronden. On all
tidal flats, more green juveniles than green adults
were present (Fig. 4).

The abundances of green and red crabs not only var-
ied between males and females (significant interaction
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Fig. 3. Carcinus maenas. Abundances in relation to distance from the gully. The top 6 panels show this relationship as observed
on each tidal flat for males and females (left), and for juveniles and adults (right). The bottom 2 panels also show this relationship 

as averaged over all tidal flats for green and red males (left) and females (right). Vertical lines: SE bars
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Se × C), but also between juveniles and adults (signifi-
cant interaction Se × C × Si; Table 2, Fig. 4): the abun-
dance of green juveniles was higher than that of red
juveniles, both for males and females. However, the
abundance of green adult males was higher than that
of red adult males, whereas the abundance of green
and red adult females did not differ. The interaction
C × Si was very significant, which revealed for both
3-way interactions D × Se × TF and Se × C × Si that the

difference in green and red juveniles was much larger
than the difference in green and red adults.

Brown shrimps and infauna: variation in abundances

On each tidal flat, the abundance of small shrimps
increased with distance from the gully, whereas the
abundance of large shrimps was highest in the gully
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Fig. 4. Carcinus maenas. Abundances in relation to sex and size. The top 6 panels show this relationship as observed on each tidal
flat for green and red crabs. The bottom 2 panels show this relationship as averaged over all tidal flats for green and red males 

(left) and females (right). Vertical lines: SE bars
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and decreased with distance from it (significant inter-
action D × Si; Table 3, Fig. 5). The significant main
effect Si (Table 3) indicates that on average there were
more small shrimps than large ones. The distribution of
shrimps was similar across the 3 tidal flats (insignifi-
cant effect of TF; Table 3). The density of infauna was
higher on Ballastplaat than on Waardgronden and
Balgzand (Table 3, Fig. 5). On all tidal flats, the density
of infauna increased with increasing distance from the
gully (Table 3, Fig. 5).

Ideal free distribution tests

Ideal free distribution model

We used the 2-phenotypes interference model
(Smallegange & van der Meer 2009) to derive ideal
free predictions. Adult crabs were assigned to the class
of dominants, and juveniles to the subordinates class.

Briefly, the model essentials are as follows: domi-
nants and subordinates can be in one of the following
behavioural states: searching for food, handling food,
or interfering with others. Interference consists of
threatening, avoiding, fighting and being vigilant
(only towards equal competitors). Dominants only
interfere with other dominants; subordinates suffer
interference from other subordinates and from domi-
nants. Interference occurs while searching or han-
dling, but handlers do not interfere with other han-
dlers. The specific transition rules between the
different behavioural states are captured in a set of 5
ordinary differential equations (Supplement 1, avail-

able at: www.int-res.com/articles/suppl/m392p143_app.
pdf). The expected per capita feeding rate (W) of dom-
inants and subordinates is derived from these equa-
tions (Supplement 1) as:

(1)

For both adults and juveniles, 

where P is the number of adults or juveniles at the dif-
ferent sampling sites (no. m–2), D is the prey density at
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Factor df MS F p

Shrimps: between plots
Tidal flat (TF) 2 1.093 4.068 0.076
Error 6 0.269
Shrimps: within plots
Distance (D) 5 1.818 1.209 0.329
D × TF 10 1.928 1.282 0.284
Error 30 1.504
Size (Si) 1 4.637 8.489 0.027
Si × TF 2 0.543 0.993 0.424
Error 6 0.546
D × Si 5 11.494 20.570 <0.001
D × Si × TF 10 0.506 0.906 0.540
Error 30 0.559
Infauna: between plots
Tidal flat (TF) 2 10.930 12.177 0.008
Error 6 0.898
Infauna: within plots
Distance (D) 5 8.449 6.530 <0.001
D × TF 10 1.499 1.158 0.355
Error 30 1.294

Table 3. Crangon crangon and infauna. ANOVA of (log-
transformed) abundance. Values in bold: p < 0.05

Fig. 5. Crangon crangon and infauna. Changes in prey abun-
dance with distance from the gully or between tidal flats.
Shrimp abundances are in no. per 100 m2 and infauna densi-
ties are in g m–2. (a) On all tidal flats, the abundance of small
brown shrimps (j) increased with increasing distance from
the gully, whereas the abundance of large brown shrimps (r)
was high in the gully, but lower on tidal flats. (b) The density
of infauna increased with increasing distance from the gully
on all tidal flats. (c) On average, the density of infauna was
higher on Ballastplaat than on Balgzand and Waardgronden. 

Vertical lines in all panels: SE bars

http://www.int-res.com/articles/suppl/m392p143_app.pdf
http://www.int-res.com/articles/suppl/m392p143_app.pdf


Smallegange et al.: Spatial distribution of Carcinus maenas

the different sampling sites (no. m–2), λ is the inverse
of the time spent handling a prey item, ϕ is the
inverse of the time spent interfering, ξ/ζ is the inter-
ference area, ν is the searching efficiency, and µ is the

rate of predator discovery. For adults, , while

for juve-

niles, where PA is the density of adults.

Parameterisation

Multivariate analysis revealed that the abundance of
crabs of nearly all 8 classes correlated positively with
the abundance of large brown shrimps (Fig. 2), which
was the first prey category. Parameter values used in
the IFD tests with large shrimps as prey were (Smalle-
gange & van der Meer 2009): ϕ = 1/4.4 s, ξ/ζ = 0.81 m2,
ν = 4.0  × 10–4 m2 s–1, µ = 18.9  × 10–3 m2 s–1. These pa-
rameter values were estimated from observations of
shore crabs foraging on blue mussels, and the foraging
parameters ν and λ (searching efficiency and inverse of
handling time) might not be representative for shore
crabs foraging on shrimps. Therefore, in our ideal free
distribution tests, we additionally explored the effects
of a 10-fold decrease and a 10-fold increase in the de-
fault value of the searching efficiency ν. We were un-
able to find estimates of the time that shore crabs need
to handle a brown shrimp (λ–1). In blue crabs Calli-
nectes sapidus, the average handling time of a white
shrimp Litopenaeus setiferus of medium to large size
(40 to 90 mm total length) was on average 600 s (Mas-
caró et al. 2003). The size ratio of large brown shrimps
relative to adult shore crabs is similar to that of white
shrimps relative to blue crabs; therefore, we assumed
that the time required by a shore crab to handle a
brown shrimp is also 600 s. We assumed that a juvenile
needs 200 s more to handle a large brown shrimp.

The second prey category for the IFD tests was in-
fauna, which mainly consisted of bivalve prey species.
Since the 2-phenotypes interference model was origi-
nally parameterised for shore crabs foraging on mus-
sels, we used the default parameter values (Smalle-
gange & van der Meer 2009): ϕ = 1/4.4 s, ξ/ζ = 0.81 m2,
ν = 4.0  × 10–4 m2 s–1, µ = 18.9  × 10–3 m2 s–1, λ–1 = 108.5.

Testing ideal free predictions

The first IFD test compared the observed and the
predicted distributions of shore crabs. To avoid cycling
of individuals between patches, IFDs are best derived
for a system consisting of 2 food patches: a rich and a
poor patch. The IFD is then one where no individual

can achieve a higher feeding rate by moving from one
patch to the other. This requires that the distribution of
predator type i will be at equilibrium when the per
capita feeding rate in the rich (r) patch equals that in
the poor (p) patch:

W(i,r) = W(i,p) (2)

or when all individuals of each predator type are on the
rich patch. With respect to the first prey category, we ob-
served that the abundance of large shrimps was high in
the gullies and low across the tidal flats (Fig. 5). Since
abundance values did not differ between sampling sites
on the 3 tidal flats (Fig. 5; SEs overlap), we assigned the
average of those values (531 per 100 m2) to the poor food
patch and the average abundance of large shrimps in the
gullies was taken as the value for the rich patch (2329 per
100 m2). Similar to Smallegange & van der Meer (2009),
ideal free predictions using Eq. (2) (Supplement 2; www.
int-res.com/articles/suppl/m392p143_app.pdf) were de-
rived for the full range of crab densities observed (1 to
64 crabs per 100 m2; numbers divided equally between
dominants and subordinates). It turned out that the IFD
was always one where all crabs were on the rich patch,
regardless of crab density, and regardless of a 10-fold
increase or decrease in searching efficiency. We per-
formed the same analysis for the second prey category,
infauna. Again, prey abundances could be lumped into
2 categories as abundance values were similar across
sampling sites in the gully and at 0 to 100 m from it, and
between sampling sites at 600 to 1600 m from the gully
(Fig. 5). The average of the first set of values was as-
signed to the poor patch, while the average of the second
set was assigned to the rich patch. We performed this
IFD test separately for each tidal flat as infauna densities
differed between tidal flats (Table 3). The values for the
poor patch were 3.8, 2.2 and 5.6 g per 100 m2, and 50.6,
13.0 and 6.0 g per 100 m2 for the rich patch for Ballast-
plaat, Balgzand, and Waardgronden, respectively.
Again, it turned out that the IFD was always one where
all crabs were on the rich patch regardless of crab den-
sity, except for Waardgronden where a mixed distribu-
tion, with both adults and juveniles in both patches, was
predicted for crab densities >16 per 100 m2.

The second test assessed whether the expected per
capita feeding rates of crabs were in line with ideal
free predictions. An assumption of the 2-phenotypes
interference model is that dominant predators only
suffer interference from equal (i.e. other dominant)
competitors. The ideal free distribution for equal com-
petitors is one where the per capita feeding rate of
individuals is equal across different feeding sites
(Fretwell & Lucas 1969). We tested this hypothesis by
calculating the expected per capita feeding rate of
adult crabs (dominants) in relation to prey density and
competitor density on each sampling site using Eq. (1).
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In Eq. (1), P is now the number of adults and D is the
prey density at the different sampling sites. Expected
feeding rates were log-transformed before analysis.
With shrimps as prey, the resulting expected per capita
feeding rates did not differ between tidal flats (F2,6 =
3.1, p = 0.12). The effect of distance from the gully was
marginally insignificant (F5,30 = 2.5, p = 0.06) (Fig. 6).
The interaction between tidal flat and distance from
the gully was also insignificant (F10,30 = 1.2, p = 0.31). A
10-fold decrease in searching efficiency resulted in
significant effects of tidal flat (F2,6 = 6.2 p = 0.04; Balg-
zand < Ballastplaat = Waardgronden) and distance
from the gully (F5,30 = 9.4, p < 0.01) on expected per
capita feeding rates (Fig. 6), but the interaction re-
mained insignificant (F10,30 = 1.9, p = 0.09). A 10-fold
increase in searching efficiency resulted in insignifi-
cant effects of tidal flat (F2,6 = 2.7 p = 0.15), distance
from the gully (F5,30 = 2.0, p = 0.12) and interaction be-
tween the 2 factors (F10,30 = 1.2, p = 0.31) on expected
per capita feeding rates. With infauna as prey, the
resulting expected per capita feeding rates did not dif-
fer between tidal flats (F2,6 = 4.4, p = 0.07). Expected
feeding rates increased with increasing distance from
the gully (F5,30 = 5.6, p < 0.01) (Fig. 6). The interaction
between tidal flat and distance from the gully was
insignificant (F10,30 = 0.9, p = 0.51).

DISCUSSION

In this study, we investigated the spatial distribution
of shore crabs in relation to their morphology, prey
availability and the number of conspecifics in different
feeding areas. The number of males and females var-
ied between sampling sites and between mudflats, but
overall, more were found in the gully adjacent to each
mudflat than on the mudflat. There was one exception
to this pattern: at 600 m from the gully on Balgzand,
there was a peak in crab abundance. This peak was
predominantly due to a peak in the number of juve-
niles, which occurred abundantly on Balgzand. In con-
trast to the situation on Ballastplaat and on Waard-
gronden, the overall abundance of juveniles was much
higher than that of adults on Balgzand. Balgzand is a
well-known nursery ground for many species (Zijlstra
1972, van Beek et al. 1989, van der Veer et al. 2001)
and this might explain the high abundance of juveniles
on the Balgzand mudflat.

Depending on their moult stage, shore crabs differ in
colour and in their tolerance to extreme environmental
conditions (McGaw & Naylor 1992, Reid et al. 1997). In
our field study, the abundance of green crabs was
higher than that of red crabs, and this difference was
more pronounced in juveniles than in adults, and,
except for Waardgronden, more pronounced in males

than in females. Possibly related to their higher physi-
ological tolerance, green crabs show more tidal migra-
tion than red crabs (Hunter & Naylor 1993), although
we did not observe such a pattern (Table 3: the inter-
actions ‘D × C’ and ‘D × C × TF’ were insignificant).
Instead, a more complex distribution pattern was
observed in which the migratory behaviour of shore
crabs of different colours also depended on their sex.
Most males were found in the gully adjacent to each
mudflat and abundances on the mudflat were gener-
ally low. This pattern was the same for green and red
males, which refutes the hypothesis that green males
show tidal migration to escape competition from the
more dominant red males (Styrishave et al. 2004). Red
females showed a similar distribution as males, with
relatively high abundance values in the gullies, but
low values on the mudflats. We carried out our field
study during the mating season. In order to mate,
females have to moult (Berrill & Arsenault 1982), which
might explain why red females congregated in areas
where the number of males was high (or possibly vice
versa) (van der Meeren 1994). In contrast to the males,
however, the abundance of green females in the gul-
lies was similar to that of red females, and was also
high at farther distances from the gullies. Males are
known to be more migratory than females (Hunter &
Naylor 1993), but our results suggest that the migra-
tory behaviour of shore crabs depends in an interactive
way on the colour and sex of individuals.

This field study revealed that the observed abun-
dances of shore crabs in the gully adjacent to each
mudflat and on the mudflats varied with variation in
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Fig. 6. Carcinus maenas. Expected feeding rates of adult on
shrimps (no. min–1; black symbols) (±SE) and on infauna
(mg min–1; grey symbols) (±SE) as a function of distance from
the gully. Shrimp feeding rates were calculated using default
values (m) and with the searching efficiency ν decreased by 

10-fold (j)
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the sex and size of crabs. Using IFD theory, we further
explored this pattern to establish if crabs distributed
themselves in an optimal way in relation to 2 prey
types (brown shrimps and infauna, mainly bivalves) at
the different sampling sites and to the number of com-
petitors present. The prey types were distributed in
similar ways on each mudflat. It turned out that if crabs
predominantly foraged on either of those prey types,
they did not distribute themselves optimally as all
crabs were predicted to forage in the areas that con-
tained the highest prey abundance. In the case of
brown shrimps, the most profitable areas were the gul-
lies, while in the case of infauna, these areas were 600
to 1600 m away from the gullies. Furthermore, the
expected feeding rates of adults were higher in these
most profitable areas than in other areas, implying that
crabs that were not in the most profitable areas could
have increased their (expected) feeding rate by mov-
ing to the high prey abundance areas. IFD theory
adopts a simplified view of reality, and our IFD model
does not take differences in crab colour, morphology or
sex into account. This might explain why crabs ap-
peared not to behave in an optimal manner, although
we could not expect crabs to always behave optimally
since they are bound to sample unprofitable parts of
the mudflats (Hugie & Grand 1997).

The mismatch between the predicted optimal distri-
bution and the observed distribution of shore crabs
could also be explained by other factors. For example,
a crucial assumption of IFD theory is that travelling
costs between feeding areas are negligible (Fretwell &
Lucas 1969). This assumption is likely to have been
met for crabs that forage and reside exclusively in the
gullies or on the mudflats. Yet, shore crabs that migrate
may lose foraging time. They may also lose energy
associated with moving, although these costs may be
low if crabs are able to use water currents when
migrating onto and off the tidal flats. Furthermore,
shore crabs prefer to forage at night (Afman 1980,
Ansell et al. 1999), most likely to avoid predation by
birds or other predators that rely on vision for hunting
(Dumas & Witman 1993). If high tide occurs at night,
the food intake of shore crabs foraging on the mudflats
is indeed at its highest (Afman 1980). However, it is not
known whether shore crabs reside in the gullies
merely to reduce the risk of predation during the day,
or whether they also forage for prey, such as brown
shrimps, in the gullies (Afman 1980). It might even be
that the brown shrimps themselves reduce that same
predation risk by residing in the gullies during the day,
and that both crustacean species might migrate onto
the mudflats to forage at night. Another factor affect-
ing the distribution of shore crabs (at least those crabs
that are <12 mm CW) is cannibalism (Moksnes 2004).
To what extent avoiding the risk of predation by adults

might have motivated the juveniles (10 to 35 mm CW)
in our samples to move from the gullies onto the tidal
flats, or to stay on the tidal flats during low tide, is not
known. However, reducing the risk of predation by
conspecifics is a likely explanation for the general
observation of different habitats for juvenile and adult
shore crabs (Hunter & Naylor 1993).

Despite the shortcomings of the IFD exercise, there
are still several lessons to be learned from it. Firstly, 2
distinct foraging areas seemed to exist for shore crabs:
gullies with shrimps as prey and mudflats with bi-
valves as prey. An IFD model incorporating food
patches characterised by different prey types would
therefore be more suitable for future efforts testing
predictions on the optimal foraging behaviour of shore
crabs. Secondly, half of the total number of crabs
caught was collected in the gullies where the abun-
dance of large brown shrimps was also highest. This
pattern was captured by the RDA analysis, where we
found a positive correlation between the abundance of
crabs and that of large shrimps. A species related to the
shore crab, the blue crab Callinectes sapidus, prefers
larger shrimps to smaller ones and even consumes
shrimps of a larger body size than its own (Mascaró et
al. 2003). We are not aware of studies that have inves-
tigated to what extent shore crabs prefer brown
shrimps over other prey species, or what shrimp size
shore crabs prefer, but brown shrimps make up a large
part (up to 50%) of the shore crab’s diet (Afman 1980,
Pihl 1985). This suggests that shore crabs might reside
in the gullies to forage on this profitable prey species.
Current studies on predation by shore crabs have
mostly focussed on the predation pressure they exert
on bivalve species (Eggleston et al. 1992, Mascaró &
Seed 2000, 2001, Mistri 2003). The role that shore crabs
might play in the population dynamics of shrimps and
vice versa remains to be explored.

In summary, a superficial look at the results showed
a high congregation of crabs in the gullies, where the
abundance of brown shrimps (a dominant prey species
of shore crabs) was also high. A more detailed investi-
gation revealed that the spatial distribution of crabs
between the gullies and the mudflats depended in an
interactive way on the colour morph and sex of individ-
uals. These factors were not included in the IFD model,
and neither were food patches in the IFD model char-
acterised by different prey types, which could possibly
explain the mismatch between the observed and the
predicted distributions. Future research focussed on
testing the optimal foraging behaviour of shore crabs
should therefore include these factors, as well as test
the foraging preference of shore crabs on shrimps ver-
sus bivalve prey species. Field experiments on patch
choice using exclosures could elucidate the role of pre-
dation in the foraging decisions of shore crabs.
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