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Summary

1. Ideal-free distribution theory assumes that in a patchy environment foragers maximize fitness

and hence their feeding rate by balancing gains frommore food against losses frommore competi-

tion. Ultimately, individuals cannot increase their feeding rate by moving to another patch and

they distribute themselves over patches in proportion to prey density per patch.

2. In our experiments with shore crabs Carcinus maenas foraging on two adjacent patches with

mussels Mytilus edulis, the implicit assumption of ideal-free distribution theory that catch should

match time spent in a prey patch is not met, however. Despite aggregating their attack where it is

most profitable shore crabs distributed themselves homogeneously across mussel patches: they

‘take away’ the prey caught and consume it elsewhere to reduce interference.

3. Thus, predator distributions can be quite different from prey-attack distributions. This is

important because the latter is shown to be decisive for persistence of predator and prey popula-

tions in ecological models.

Key-words: foraging behaviour, interference competition, population stability, predator-prey

dynamics, travelling costs

Introduction

Classic predator-prey theory is based on the assumption of

homogeneous mixing in populations (Lotka 1925; Volterra

1926; Nicholson & Bailey 1935; Rosenzweig & MacArthur

1963). However, in nature predators tend to aggregate in

patches harbouring more prey (Stiling 1987; Walde & Mur-

doch 1988) and precisely this feature has been shown to mat-

ter to the stability of predator-prey models, based on

phenomenological distributions (Hassell & May 1973; Ches-

son & Murdoch 1986; Murdoch & Stewart-Oaten 1989), or

by ideal-free distributions (IFDs) (Van Baalen & Sabelis

1993, 1999; Bernstein, Auger & Poggiale 1999; Hassell 2000;

Ranta, Lundberg &Kaitala 2006).

In IFD theory, predators are assumed to have equal com-

petitive ability, perfect knowledge on habitat qualities, and

free choice to move to the habitat that maximizes their feed-

ing rate. In deciding where to forage, predators balance the

gains from more prey per patch against the loss from

increased competition. This results in distributions where no

individual can increase its feeding rate by moving to another

patch and this outcome is termed the ideal-free distribution

(Fretwell & Lucas 1969). Ideal-free theory, however, is also

based on an assumption that is rarely made explicit: the

actual predator distribution reflects the distribution of

attacks on prey. Yet, in absence of between-patch travelling

costs, predators could reduce interference from competitors

by handling a prey item on an alternative patch with fewer

competitors.

Thus, the actual distribution of predators may not reflect

the distribution of attacks on prey, contrary to what has been

assumed in the vast majority of empirical studies (Stiling

1987; Milinski & Parker 1991; Tregenza 1995). This may

have far-reaching consequences for the predictions of preda-

tor-preymodels. For example, if predators are observed to be

distributed equally across food patches, even though they

only attack prey on the better food patches, the predicted

predator-prey dynamics are likely to be unstable if the

observed distribution of predators is taken as their prey-

attack distribution (Hassell & May 1973). However, the

actual, aggregated prey-attack distribution likely results in

stable predator-prey dynamics (May 1978; Van Baalen &

Sabelis 1993; Bernstein, Auger & Poggiale 1999). It is there-

fore important to perform empirical tests of IFD theory and
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its underlying assumptions. Here, we present the results of

such tests using shore crabs Carcinus maenas L. that forage

on a standing stock of mussels Mytilus edulis L. Shore

crabs are known to avoid conspecifics while handling prey

(Smallegange & van der Meer 2007) and may therefore be

prone to move between patches under ideal-free conditions.

In two previous studies (Smallegange, van der Meer &

Kurvers 2006; Smallegange & van der Meer 2007) we

assessed feeding rates for a single crab that foraged alone or

with an equal competitor in a single patch. From these

previous studies we derived ideal-free predictions on food

uptake and patch choice for a focal crab foraging with an

equal competitor.We tested this ideal-free hypothesis against

the null hypothesis that crabs have no preference, in a closed

‘habitat’ where crabs foraged on two adjacent patches that

differed in prey density. To prevent prey depletion during

these experiments we used a novel experimental set-up

(Smallegange, van der Meer & Kurvers 2006) that allows for

quick replenishment of the prey consumed.

Materials andmethods

GENERAL OUTLINE

In this paper we discuss four experiments: Exp. 1, Exp. 2, Exp. 3a,

and Exp. 3b. Exp. 1 and 2 are published experiments in which we

assessed the feeding rates of crabs foraging on a single food patch

(Exp. 1: Smallegange, van der Meer & Kurvers 2006; Exp. 2: Smalle-

gange& van derMeer 2007). The patch choice experiments 3a and 3b

were conducted for the study reported here. In all experiments we

used male shore crabs of the same size; i.e. their major claw length

(MCL)was between 29 and 35 mm (corresponding to 51–58 mm car-

apace width). Laboratory conditions in all experiments were stan-

dardized: the temperature of the seawater was 15–21 �C and the

photoperiod was kept at a 12 h light: 12 h dark cycle with experi-

ments carried out in the light period. In all experiments, prey were

offered at three different densities: 4, 16, and 32 mussels (M. edulis)

per food patch (one food patch equalled¼ m2).

Exp. 3a and 3b were designed to test two hypotheses on patch

choice of two shore crabs foraging on two patches (the experimental

set-up is explained below). The null hypothesis states that crabs have

no preference for a food patch, and the ideal-free hypothesis states

that crabs choose the food patch where they can maximize their food

uptake while minimizing costs of competition. We quantified each

hypothesis using 1- and 2-predator, continuous-time Markov chains

that describe the foraging process of a predator foraging alone

or with one competitor on a single food patch (van der Meer &

Smallegange 2009). We used trials from Exp. 1 and 2 to estimate the

parameters of the 1- and 2-predator Markov chains (see below). We

then used the Markov chains to quantify the null hypothesis and

ideal-free hypothesis on patch choice, which we subsequently tested

against the results obtained in patch choice experiments 3a and 3b.

COLLECTION AND MAINTENANCE OF ANIMALS

Male shore crabs that were used in experiments 3a and 3b were

caught in July 2003 (Exp. 3a) and July 2004 (Exp. 3b) from a fyke (a

long, bag-shaped fishing net held open by hoops) located at the

south-tip of Texel, The Netherlands, and were maintained in individ-

ual holding tanks (22 · 14 · 13 cm) that were submerged in a large

basin with continuously running seawater. Temperature in the basin

was 15 �C. All crabs were of the same size as in Exp. 1 and 2: 29–

35 mm MCL. Crabs were allowed at least 1 week to acclimatize to

laboratory conditions. Intertidal mussels were scraped from ballast

piers at the coast of Den Helder, the Netherlands in June 2003 (Exp.

3a) and June ⁄ July 2004 (Exp. 3b), cleaned of any attached, fouling

organisms, and maintained in a separate large basin with continu-

ously running seawater. In the experiments we used mussels of maxi-

mum length 12–14 mm (as in Exp. 1 and 2).

EXPERIMENTAL SET-UP

To prevent prey depletion and hence effects of exploitation competi-

tion while conducting experiments 3a and 3b, we used an experimen-

tal tank specifically designed to replenish consumed prey without

disturbing the crabs. The tank contained two adjacent food patches

(Fig. 1). Both food patches rotated slowly at a constant speed

(10)2 rad per s); slow enough to prevent disturbing the behaviour of

the crabs. The patches were separated by a partition (Fig. 1), creating

a visual barrier. Crabs could walk between patches through three

openings in the partition. The size of each food patch equalled that of

the food patches used in Exp. 1 and 2 (i.e.¼ m2).

Each trial started by introducing two crabs into the tank: one on

each (randomly assigned) patch. One crab was the focal crab, the

other the competitor crab. We analysed the behaviour of the focal

crab to obtain independent observations. Focal and competitor crabs

were randomly selected from a stock of 40 crabs (Exp. 3a) and 16

crabs (Exp. 3b). Crabs were allowed to acclimatise to the tank for

30 min, after which trials started. Trials lasted 45 min. During the

acclimatization period and following trial period, crabs foraged on

mussels. However, the total time period that crabs were in the tank

was not long enough for crabs to reach satiation levels (Smallegange,

unpublished data). Trials were videotaped using a Sony digital video

camera recorder DCR-TRV900E (Sony, Berlin, Germany). We used

the Observer 3.0 (Noldus Information Technology, Wageningen, the

Netherlands) as an event recorder, which allowed us to continuously

monitor on which patch each crab was foraging. We scored the time

spent handling prey by the focal crab, and the total number of mus-

sels that the focal crab consumed. We also scored the number of

times that the focal crab walked from one patch to the other, and the

total number of mussels that the focal crab consumed on each patch.

In Exp. 1 and 2, per capita feeding rates were measured at mussel

densities 4, 16, and 32 per food patch. Therefore, in the patch choice

Fig. 1. Scheme of experimental tank showing both food patches that

rotated during trials and the partition that separated both food

patches. Crabs could walk between food patches through three open-

ings in the partition. The observer could replenish any eaten mussel

in that part of a food patch that was not accessible to the crabs (i.e.

outer left and outer right part of tank).
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experiments we adhered to these densities and the number of mussels

on one patch was always 4 and on the other patch 4, 16 or 32. This

created three treatments, or patch combinations: ‘4-4’, ‘4-16’, and ‘4-

32’. Treatments were replicated four times (Exp. 3a) and twice (Exp.

3b). Mussel densities were randomly assigned to each of the two

patches.

STATIST ICAL ANALYSIS OF EXPERIMENTAL RESULTS

We explored four response variables: (1) the food intake of a focal

crab on the rich patch relative to that on the poor patch, (2) the frac-

tion of time that a focal crab spent on the rich patch, (3) the handling

time per mussel capture on the rich patch relative to that on the poor

patch and (4) the number of times that the focal crab moved, with its

prey, away from its competitor on the rich patch to the unoccupied

poor patch, minus the number of times that the focal crab moved,

with its prey, away from its competitor on the poor patch to the unoc-

cupied, rich patch. Time fractions were arcsine-transformed and

ratios were log-transformed to approach normality. Zero values

(n = 2) for observed food intakes were replaced with the lowest

observed value. We calculated bootstrap confidence intervals (CIs)

around the mean of each response variable by taking a thousand

bootstrap samples (in MatLab 6.5) from the response values

observed for each patch combination. To prevent type I errors, a

Bonferroni correction was applied and the level of significance was

set at a = 0.05 ⁄ n = 0.017, where n equals the number of treatments

(3 in this case). This means that any values falling outside of these CIs

are significant at the 5% level. Response variables (1) and (2) were

used to test the null and ideal-free hypothesis by comparing these

95%CIs against the predictions under the null and ideal-free hypoth-

eses (which were quantified using 1- and 2-predator Markov chains:

see below). Response variable (3) was used to assess if prey-handling

times differed depending on whether the focal crab was on the rich or

poor patch, by assessing if the 95%CI differed from the ratio of unity

(which equals no difference). Response variable (4) was used to assess

if the foraging behaviour of crabs that were handling prey in the pres-

ence of the competitor differed depending on whether they were on

the rich or on the poor patch, by assessing if the 95% CIs differed

from zero (which equals no difference). In one trial (Exp. 3a: patch

combination ‘4-16’) the focal crab did not eat at all, and this trial was

discarded from all analyses as the focal crab did not display any for-

aging behaviour. It turned out that the results of the two experiments

did not differ qualitatively, and since we had no a priori expectation

that crabs or mussels would behave differently in the different years

in which the experiments were performed, we pooled the data of both

experiments to increase statistical power.

1- AND 2-PREDATOR MARKOV CHAINS

The continuous-time Markov chains reflect the behaviour of shore

crabs foraging on mussels, and describe the foraging process of a

predator foraging alone or with one competitor on a single food

patch (van der Meer & Smallegange 2009). In the Markov chains, a

predator can be in one of four behavioural states: searching, S, han-

dling, H, fighting after searching with a searcher, F, and fighting after

searching or handling with a handler or searcher respectively, G. The

states of eachMarkov chain give all possible combinations of behav-

iours that predators may display at one time (Table 1). A transition

between states entails that one individual changes its behaviour from

searching to handling or vice versa, or that two individuals start or

stop fighting. In the 1-predator Markov chain, the transition rate

from, for example, the state S (the predator is searching) to H (the

predator is handling) is the prey capture rate and equals mD
(Table 1), where D is the prey density, and m the area searched for

prey per unit time. Similarly, in the 2-predator Markov chain, the

transition rate from SS (both predators are searching) to HS (the

focal predator is handling, the other is still searching) equals mD
(Table 1). The transition rate from H to S (and also from, for exam-

ple, HS to SS or HH to SH) equals k, and the expected handling time

of a prey item is thus 1 ⁄ k (s) (Table 1). The transition rate from a

state where two predators are foraging to a state where they have

started a fight equals l, which is the area searched for predators per

unit time (Table 1). Two searching predators that start a fight is a

transition from the state SS to FF (Table 1). A handling predator

and a searching predator that start a fight is a transition from the

state SH or HS to GG (Table 1). Two handling predators do not

engage in fights. The transition rate of going from fighting back to

foraging, for example, from the state FF back to SS, is u (Table 1),

which is the rate at which fights come to an end. The expected dura-

tion of a fight is therefore 1 ⁄ u (s). Using the results of Exp. 1 and 2

we estimated the parameters using a maximum likelihood approach

(van der Meer & Smallegange 2009) at: k: 0Æ01 s)1, u: 0Æ09 s)1, m: 3Æ15
cm2 s)1 (Holling) and 2Æ63 cm2 s)1 (Beddington), and l: 42Æ12
cm2 s)1.

DERIV ING PREDICTIONS ON PATCH CHOICE: NULL

HYPOTHESIS

Under the null hypothesis we expect crabs to have no preference,

thereby giving rise to constant dispersal rates between patches while

searching for prey. In that case, crabs should spend fifty percent of

their searching time on either patch. However, shore crabs have rela-

tively long handling times (Smallegange & van der Meer 2003), and

are thus expected (even when they have no preference for the more

profitable patch) to spend more than fifty percent of their foraging

time (which includes handling time) on the more profitable patch. To

calculate expected values under the null hypothesis for the first two

response variables, we therefore modified the 2-predator Markov

chain such that each predator could be alone on a patch or both

could be on the same patch. Again, each predator is either searching

(S), handling (H), fighting after searching with a searcher (F), and

Table 1. Transition matrix of the 1-predator and 2-predator Markov

chain. Letters denote the different states of each chain, which give all

possible combinations of behaviours that predators may display at

one time: searching (S), handling (H), fighting with a searcher after

searching (F), or fighting with a searcher or handler after handling or

searching respectively (G). m is the search area for prey per unit time,

D the density of prey, l the search area for competitors per unit time,

k the inverse of the handling time andu the inverse of the duration of

an interaction

One

predator Two predators

S H SS SH HS HH FF GG

S – mD SS – mD mD 0 l 0

H k – SH k – 0 mD 0 l
HS k 0 – mD 0 l
HH 0 k k – 0 0

FF u 0 0 0 – 0

GG 0 u u 0 0 –
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fighting after searching or handling with a handler or searcher,

respectively (G) and the chain therefore consists of twenty states:

S1S1, S1H1, H1S1, H1H1, F1F1, G1G1, S2S1, S2H1, H2S1, H2H1, S1S2,

S1H2, H1S2, H1H2, S2S2, S2H2, H2S2, H2H2, F2F2, and G2G2, where

numbers denote patch 1 or patch 2, and the two letters of each state

denote which behaviour each predator displays (Fig. 2). Transition

probabilities are as in van der Meer & Smallegange (2009), with the

addition that searchers move between patches with the rate h, for
example, the transition rate from S1S1 to S2S1 equals h (Fig. 2).
The probability that a continuous-time Markov chain will be in

state j at time t (generally) converges to a limiting value, or limiting

probability, independent of the initial state (Ross 1989). Simulations

showed that this condition holds for the 1- and 2-predator Markov

chains (Smallegange & van der Meer 2010) as well as for the 2-patch-

2-predator Markov chain (Supporting Information). Since the Mar-

kov chain represents a foraging process, the limiting probability of

each state is the fraction of time that the foraging process is in that

state. In this current study, we express the limiting probabilities rela-

tive to the all-predators-are-searching state, and hence we refer to

these limiting probabilities as relative, limiting probabilities. The rel-

ative, limiting probabilities are calculated from the set of associated

balance equations of the Markov chain. These balance equations

state that in the long run the rate at which the process enters state j

equals the rate at which the process leaves state j. For two predators

foraging on two food patches (Fig. 2), the balance equations are

given in Table 2. The expected proportion of time that a predator

searches on a patch (S*) can be calculated from the relative, limiting

probabilities (Table 2). For example, the search time of the first crab

on patch 1 is the sum of the relative, limiting probabilities of states 1,

2, 11 and 12 which, divided over the limiting probabilities of states 1–

6 and 11–14, gives the proportion of time spent searching on patch 1

by the first crab (Table 2). Multiplying this proportion with mD on

each patch gives the expected per capita feeding rate on each patch.

The null hypothesis for the first response variable is thus given by:

Wr

Wp
¼ mDrS

�
r

mDpS�p
;

where subscripts denote either the rich patch (r) or the poor patch

(p), and D is the prey density on a patch. From the relative limiting

probabilities we also calculated the proportion of time that a preda-

tor is expected to stay on the rich patch under the null hypothesis

(second response variable). For example, the total time that the first

crab is on patch 1 is the sum of the limiting probabilities of states 1–6

and 11–14 (Table 2), which, divided over the sum of the limiting

probabilities of all states, gives the fraction of time that the first crab

is expected to forage on patch 1.

DERIV ING PREDICTIONS ON PATCH CHOICE: IDEAL-

FREE HYPOTHESIS

We modelled expected per capita feeding rates by deriving the

expected proportion of time that a predator searches (alone or in the

presence of a competitor) from the 1- and 2-predator Markov chains

(Supporting Information), and multiplying this proportion by mD.

For a predator foraging alone, this results in (Supporting Informa-

tion):

W ¼ mD

1þ mD
k

:

This equation is the well-known functional response of Holling

(Holling 1959). For a predator foraging with one equal competitor,

the expected per capita feeding rate equals (van der Meer &

Smallegange 2009):

W ¼ mD

1þ mD
k þ

l
u
1þ2mD=k
1þmD=k

:

This equation is the one-competitor analogue of Beddington’s

functional response (Beddington 1975). Beddington’s functional

response is a well-known extension of Holling’s functional response

to include competition between predators.

Incorporating the above given parameter estimates for m, l, k, and
u (here expressed per ¼ m2 by multiplying the estimates for m and l
by 4=10000; and with k and u expressed s)1) revealed that the pre-

dicted per capita feeding rates for mussel densities 4, 16, and 32

(# per ¼ m2) were (Holling) 0Æ20, 0Æ40, and 0Æ48, and (Beddington)

0Æ15, 0Æ34, and 0Æ43 prey per min (estimated feeding rates were in

# s)1 and therefore multiplied by 60 to obtain feeding rates in #

min)1). To derive ideal-free predictions for the second response vari-

able we compared these predicted feeding rates. For example, for

Fig. 2. A diagram of the Markov chain for

two predators foraging on two patches. Each

predator can be searching (S), handling (H),

fighting after searching (F), or fighting after

handling (G). In each of the 20 states

numbers denote patch 1 or patch 2, and the

two letters denote which behaviour each

predator displays. States coloured white are

when both predators are on patch 1; states

coloured light grey are when there is only

one predator on each patch; states coloured

dark grey are when both predators are on

patch 2. Arrows denote transitions and tran-

sition probabilities between the states.

Dashed arrows are when one predator

moves from one patch to the other.
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patch combination ‘4–16’ two equal crabs foraging on the rich patch

would each achieve a food intake rate of 0Æ34 mussels per min, which

for both crabs is higher than the food intake rate they would achieve

alone on the poor patch (0Æ20 mussels per min). It turned out that

feeding rewards for both crabs are predicted to always be highest on

the rich patch if patches differ in quality.

Ideal-free theory yields predictions for an equilibrium situation,

in which no predator can improve its feeding rate by moving to

another patch. This implies that any mistake or re-sampling by the

predator [referred to as non-IFD movements (Hugie & Grand

1998)] would lead to deviations from the ideal-free hypothesis. To

infer acceptance or rejection of the ideal-free hypothesis we decided

that shore crabs distribute ideal and freely if they spend at least

ninety percent of their foraging time on the rich patch (cf. Krebs,

Kacelnik & Taylor 1978). This has consequences for the first

response variable, and entails that the expected ratio of food intakes

under the ideal-free hypothesis is then given by (0.9 • total trial

time • Wb) ⁄ (0.1 • total trial time • Wp), where the food intake rate

W is either determined by Holling’s or by Beddington’s equation,

depending on the presence or absence of a competitor. Thus, both

competitors might simultaneously spend 90% of their foraging time

on the rich patch and 10% on the poor patch. Alternatively, each

competitor might spend 10% of its foraging time alone on each

patch and the range of the expected food intake ratio is defined by

these two alternatives.

Results

When patches were of equal quality, the per capita food

uptake of shore crabs did not differ between the patches, as

the ratio of food intake did not differ from unity (Fig. 3a).

When food patches differed in quality, shore crabs con-

sumed more prey from the rich patch than expected under

the null hypothesis of no preference when the difference in

patch quality was maximal, but prey consumption did not

differ from that expected under the ideal-free hypothesis

(Fig. 3a). Yet, the amount of time that crabs spent on the

rich patch was not different from that expected under the

null hypothesis of random dispersal between patches

(Fig. 3b). Furthermore, the amount of time spent on the

rich patch was always lower than that expected under the

ideal-free hypothesis (Fig. 3b). The time spent handling,

expressed per mussel capture, was observed to be less on the

rich patch than on the poor patch (Fig. 3c), because crabs

adopted a so-called ‘take-away strategy’: crabs that were

handling prey in the presence of a competitor moved to the

unoccupied patch, i.e. usually the poor patch (Fig. 3d). To

assess if the latter result arose because there were more

opportunities to move with a prey from the rich to the poor

patch, because prey density was higher on the rich patch, we

expressed the number of times that a handling crab moved

away from its competitor on a patch per mussel capture on

that patch. Taking the difference between this proportion

on the best patch and on the poor patch revealed that this

differences was significantly less than zero if patches were of

unequal quality (95% bootstrap CI: )3Æ33–)0Æ33, n = 8)

(results for the different, unequal patch combinations were

pooled because in many trials these proportions were divi-

sions by zero). Hence handling crabs did not move more

often from the rich to the poor patch, simply because the

prey density was higher on the rich patch (in which case this

difference would have equalled zero). This difference was

not significantly different from zero when the two patches

were of equal quality (95% bootstrap CI: )0Æ22–0Æ00,
n = 5). It was found that the actual distribution of crabs

did not reflect their attack distribution.

Table 2. Balance equations and relative limiting probabilities (rlps) of the twenty states of the foraging process of two predators foraging on two

patches. Rlps (Pi) are given relative to P1, hence P1 equals unity. The fraction search time of one predator is calculated by summing the rlps

where a predator is searching on a particular patch and dividing this over the sumof all limiting probabilities

State Rate at which leave equals Rate at which enter Rlp

1 S1S1 (l + 2mD1 + 2h)P1 = uP1 þ kðP2 þ P3Þ þ hðP7 þ P11Þ P1 = 1

2 S1H1 ðkþ lþ mD1 þ hÞP2 = mD1P1 þ kP4 þ 1
2uP6 þ hP8 P2 ¼ mD1=k

3 H1S1 ðkþ lþ mD1 þ hÞP3 = mD1P1 þ kP4 þ 1
2uP6 þ hP13 P3 ¼ mD1=k

4 H1H1 2kP4 = mD1(P2 + P3) P4 ¼ ðmD1=kÞ2
5 F1F1 uP5 = lP1 P5 = l ⁄ u
6 G1G1 uP6 = l(P2 + P3) P6 ¼ 2ðl=uÞðmD1=kÞ
7 S2S1 (mD1 + mD2 + 2h)P7 = hP1 þ kðP8 þ P9Þ þ hP15 P7 = 1

8 S2H1 ðkþ mD2 þ hÞP8 = hP2 þ mD1P7 þ kP10 P8 ¼ mD1=k
9 H2S1 ðkþ mD1 þ hÞP9 = mD2P7 þ kP10 þ hP17 P9 ¼ mD2=k
10 H2H1 2kP10 = mD2P8 + mD1P9 P10 ¼ ðmD1=kÞðmD2=kÞ
11 S1S2 (mD1 + mD2 + 2h)P11 = hP1 þ kðP12 þ P13Þ þ hP15 P11 = 1

12 S1H2 ðkþ mD1 þ hÞP12 = mD2P11 þ kP14 þ hP16 P12 ¼ mD2=k
13 H1S2 ðkþ mD2 þ hÞP13 = hP3 þ mD1P11 þ kP14 P13 ¼ mD1=k
14 H1H2 2kP14 = mD1P12 + mD2P13 P14 ¼ ðmD1=kÞðmD2=kÞ
15 S2S2 (l + 2mD2 + 2h)P15 = hðP7 þ P11Þ þ uP19 þ kðP16 þ P17Þ P15 = 1

16 S2H2 ðkþ lþ mD2 þ hÞP16 = hP12 þ mD2P15 þ kP18 þ 1
2uP20 P16 ¼ mD2=k

17 H2S2 ðkþ lþ mD2 þ hÞP17 = hP9 þ mD2P15 þ kP18 þ 1
2uP20 P17 ¼ mD2=k

18 H2H2 2kP18 = mD2(P16 + P17) P18 ¼ ðmD2=kÞ2
19 F2F2 uP19 = lP15 P19 = l ⁄ u
20 G2G2 uP20 = l(P16 + P17) P20 ¼ 2ðl=uÞðmD2=kÞ
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Discussion

We have shown that shore crabs distribute themselves homo-

geneously across mussel patches despite aggregating their

attack where it is most profitable: their catch did not match

their time spent in a prey patch. Expressed per mussel cap-

ture, crabs moved away from their competitor to the other

patch more often if they were on the poor patch than if they

were on the rich patch. This was likely due to the fact that

crabs distributed themselves homogenously between the two

patches: since crabs caught fewer prey items on the poor

patch, the number of times that crabs moved to the other

patch per mussel capture is then higher on the poor patch.

Since crabs moved away from the poor patch more than

once, even if they had only caught one mussel there, crabs

likely moved back from the rich to the poor patch with their

prey item, although we could not corroborate this as we had

not recorded these movements.

Our results highlight an implicit assumption in the theory

of ideal-free distributions: prey handling is assumed to occur

in the patch where the prey was caught. Thus, it is important

to distinguish between the sites where predators catch their

prey and where they perform other activities (e.g. consump-

tion). This distinction is also important because the attack dis-

tribution of predators has been shown to be decisive for

persistence and stability of predator and prey in ecological

models (Hassell &May 1973;May 1978;Murdoch& Stewart-

Oaten 1989; Durrett & Levin 1994). Thus, contrary to the vast

majority of empirical studies (Stiling 1987; Tregenza 1995;

MacLean et al. 2005), spatial patterns of forager abundance

should not be taken as the distributions of prey consumption.

Our result on themismatch between prey catch and time spent

in the prey patch is robust against variation in our predicted

ideal-free distribution where 90% of all foraging time should

be spent on the rich patch. First, increasing this percentage

would not change the fact that crabs spent significantly less

time on the rich patch than predicted under the ideal-free

hypothesis (see Fig. 3b). Secondly, for crabs that aggregated

their attack on the most profitable patch (patch combination

‘4–32’), decreasing this percentage would affect the results

only if the ideal-free percentage would fall within the 95%

confidence interval around the mean percentage of time that

crabs spent on the rich patch. For patch combination ‘4–32’

this means that the ideal-free prediction has to be reduced to

such an extent that it would be similar to the prediction under

the null hypothesis (Fig. 3b), which is biologically unrealistic.

One could argue that the movement of crabs away from

the rich patch towards the poor patch is an artefact because

the two patches were relatively small and adjacent to one

another. However, in an underwater field study where an

artificial patch of mussels was created (which was four times

smaller (0Æ06 m2) than each food patch in our study) it was

frequently observed that if the patch was occupied by a shore

crab, other shore crabs did not stay on the patch but made

brief visits to the patch to try removing mussels from the

clump (Cunningham 1983). If a crab was successful it did not

stay on the patch with the other crab, but carried the mussel

away to consume it (Cunningham 1983). Crabs regularly

revisited the patch, sometimes up to eight times within the

three hours of observation (Cunningham 1983). From these

observations we infer that the movement patterns of the

crabs in our experiments were not an artefact of the experi-

mental setup, but a result of adopting ‘take-away’ strategies

that crabsmay adopt in the wild.

This prompts the question as to why predators would

decide to leave a high-quality food patch after attack on a

prey. In our study, crabs could reduce interference such as

kleptoparasitism by moving their victim to the other patch

that has no competitor. This phenomenon is probably not

unique for crabs that forage on mussels. It might be general

to predator-prey systems where handling times of prey are

long and foragers can move freely with prey. For instance,

oystercatchers Haematopus ostralegus are known to avoid

each other while foraging (Vines 1980) and, as competitor

density increases, oystercatchers carry prey away from where

Fig. 3. Patch choice and predation of mussels by shore crabs. Num-

bers (e.g. 4–4) indicating the combinations of mussel patches refer to

the number of mussels in a patch (area = ¼ m2). Vertical lines are

95% confidence intervals (covered by the symbol in case of patch

combination 4–4 in panel a). (a) Per capita food intake on the rich

patch relative to that on the poor patch (stars denote that observa-

tions differed from the expectations under the hypothesis of equal

dispersal rates [denoted by dashed lines]). Dashed boxes denote the

expected range of food intake ratios under the ideal-free hypothesis

(the range takes into account that crabs may forage alone or with a

competitor, see Methods) (b) Average fraction of time that focal

crabs spent on the rich patch (lower dashed lines denote expectations

under the hypothesis of equal dispersal rates). Shore crabs are consid-

ered to distribute ideal and freely if the fraction of time spent on the

rich patch was at least 0Æ9 (see Methods), denoted by the upper

dashed line. Stars denote that observations differed from this ideal-

free expectation (not applicable to patch combination 4–4). (c)

Handling time per mussel capture of focal crabs on the rich patch

relative to that on the poor patch. Stars denote that the observed

ratio differed from unity (dashed line). (d) Difference in the number

of times that prey-handling focal crabs moved away from their com-

petitor on the rich patch and away from their competitor on the poor

patch. Stars denote that the observed difference was significantly

different from zero (dashed line).
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they were found prior to attempting to open them (Norris &

Johnstone 1998). Also, hermit crabs Pagurus pollicaris have

been observed to tear off pieces from fish bait to consume it

away from the aggregation of crabs around the bait (Hazlett

1979). Furthermore, in a field experiment it was observed

that the rock crabCancer irroratus aggregated its prey attack

on patches where the density of sea scallops Placopecten

magellanicus was high, but its actual distribution was

uncorrelated with patch quality (Barbeau, Scheibling &

Hatcher 1998).

A reason different from avoiding kleptoparasitism might

be that crabs attempt to avoid being killed by a cannibalistic

competitor (Moksnes, Pihl & vanMontfrans 1998). This was

suggested by Sih (1980) to explain why juvenile backswim-

mers at risk of cannibalism distributed equally between two

food patches of unequal quality. Sih (1980) measured feeding

rates of backswimmers to derive ideal-free predictions on

patch choice. Both juvenile and adult backswimmers had a

choice between a high-quality food patch and a low-quality

patch. The results showed that both were able to assess patch

quality. Adult backswimmers were present at the high-qual-

ity food patch most of the time. Since juveniles were at risk of

cannibalism, they spent only 50% of their time on the rich

patch, despite the fact that they could achieve the highest

feeding rate at the high-quality patch. Interestingly, juvenile

backswimmers did not experience a reduction in feeding rate

(Sih 1982). The results therefore suggest that, in the absence

of significant travelling costs, juveniles can reduce their risk

of predation by distributing evenly between patches (Sih

1980), while still being able to achievemaximum feeding rates

in the rich patch.

During the experiments, crabs still engaged in agonistic

interactions, which might have served to either assess a

potential prey or to ward off a potential predator, as food

patches were small enough to bring crabs always within the

sensory range of a competitor (Warner 1977). This avoidance

response is observed for juvenile Dungeness crabs Can-

cer magister where in various field experiments crabs consis-

tently dispersed from initially high densities, irrespective of

food availability (Iribarne, Fernandez & Armstrong 1994).

This avoidance response is also observed in other species

where individuals are susceptible to cannibalism. In labora-

tory situations, antlion larvae Myrmeleon acer and larvae of

the cotton bollworm Helicoverpa armigera were initially dis-

tributed in a clumped fashion within a patch, but as more

conspecifics were introduced, animals distributed increas-

ingly uniformly (Day & Zalucki 2000; Kakimoto, Fujisaki &

Miyatake 2003). A final reason why animals avoid conspecif-

ics might be that their predators exert pressure on animals to

space out (Tinbergen, Impekoven & Franck 1967). Such

spacing-out behaviour to avoid predation is commonly

observed in species whose main defence is to avoid detection,

and where the distance at which a predator detects them is

larger than the distances between individuals (Kennedy &

Crawley 1967; Andersson &Wiklund 1978).

If the implicit assumption of IFD theory is not met, as is

the case for at least several species exhibiting mutual inter-

ference and avoidance, IFD models only predict the prey-

attack distribution of predators. Whether or not it matters

if the attack distribution differs from the actual distribution

of predators will foremost depend on the type of predator-

prey model used. For example, in the classic Lotka–Volter-

ra model, heterogeneity in the attack distribution confers

stability to predator-prey systems (Diekmann et al. 2005).

If, however, the observed, homogeneous distribution of

predators is taken as the attack distribution, the predator-

prey dynamics are, incorrectly, predicted to be unstable. In

other types of predator-prey models, the consequences of

not meeting the implicit assumption of IFD theory may

depend on the degree of aggregation in prey attack that is

required for stable predator-prey dynamics (Hassell & May

1973; May 1978; Bernstein, Auger & Poggiale 1999). In

order to predict and understand the actual distribution of

predators, one should consider how predators balance their

need to maximize food intake rate and their need to reduce

the risk of interference and predation. As yet, IFD models

with kleptoparasitism (Korona 1989; Holmgren 1995; Rux-

ton & Moody 1997; Hamilton 2002) have not incorporated

the movement of handlers. If only handlers move between

patches (e.g. because they can actively keep a distance from

their competitor), model predictions are expected to

change, but these have not yet been derived (Hamilton

2002). If kleptoparasites are allowed to move between

patches as well, decisions to kleptoparasitize will depend

on the costs and benefits of kleptoparasitism and those of

foraging for food in the conventional way. To what extent

the resulting model predictions change remains to be

derived.

Predator-prey systems where predators are at risk of being

cannibalized are comparable to systems characterized by

intraguild predation where predators (or the stronger indi-

viduals of a species) and prey (or the weaker individuals of

the same species) feed on a basal resource, yet also eat prey.

However, the only IFD model that incorporates intraguild

predation (Heithaus 2001) does not take interference compe-

tition between predators or between preys into account.

Empirical results (Sih 1980; Day & Zalucki 2000; Kakimoto,

Fujisaki &Miyatake 2003; this study) suggest that animals at

risk of kleptoparasitism or predation tend to distribute

equally between patches.
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Fig. S1. Stochastic runs of the 2-patch-2-predator Markov chain,

showing that the fraction of time that two individuals spend

searching, handling or fighting on each patch, converges to a limiting

value.

Table S1. Balance equations of the six states of the foraging process

of one or two predators foraging in one patch.
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