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Does information sharing promote group foraging?

Emma Sernland'’, Ola Olsson? and Noél M. A. Holmgren'

'Department of Natural Sciences, University of Skovde, PO Box 408, SE-541 28 Skivde, Sweden
2Department of Animal Ecology, Ecology building, Lund University, SE-223 62 Lund, Sweden

Individuals may join groups for several reasons, one of which is the possibility of sharing information
about the quality of a foraging area. Sharing information in a patch-foraging scenario gives each group
member an opportunity to make a more accurate estimate of the quality of the patch. In this paper we
present a mathematical model in which we study the effect of group size on patch-leaving policy and per
capita intake rate. In the model, group members share information equally in a random search for food.
Food is distributed in patches according to a negative binomial distribution. A prediction from our model
is that, the larger the group, the earlier each group member should leave the current patch. We also find
that the benefit from enhanced exchange of information does not exceed the cost of sharing food with
group members. The per capita intake rate decreases as the group size increases. Therefore, animals should
only form groups when other factors outweigh the costs, which is easiest to achieve when the travelling

time is short.

Keywords: Bayesian forager; public information; marginal value theorem;

stochastic dynamic programming

1. INTRODUCTION

Why do some animals live in groups? Among the sug-
gested reasons are that individuals in groups can avoid
predators more effectively by sharing the time expended
on vigilance, i.e. watching out for predators (De Ruiter
1986; Broom & Ruxton 1998). Individuals in groups can
also avoid predation to a larger extent as it is harder for a
predator to follow and catch one individual in a group
than a lone individual (Hamilton 1971; Neill & Cullen
1974; Kenward 1978). Animals foraging in groups can
increase the intake rate of food by increasing the diversity
of food items, either through learning to eat new food
types or through finding new foraging areas by following
other group members (Giraldeau 1984). The cost of loco-
motion can be reduced by moving close to others (Weihs
1973; Gould & Heppner 1974) and the loss of water and
warmth can be reduced by staying close together (Mertens
1969). Other individuals can also be of great help while
sharing work at the nest, such as ants working in teams
(Anderson & Franks 2001).

Another reason why individuals join groups is that it
gives each individual the opportunity to use public infor-
mation—information from other individuals in a group
(for a review see Valone & Templeton (2002)). According
to the information-centre hypothesis, individuals share
information on where food is located (Ward & Zahavi
1973; Brown 1986; Elgar & Harvey 1987; Sonerud ez al.
2001). In a patch-foraging scenario (e.g. Charnov 1976),
groups can find patches quicker than lone individuals
(Clark & Mangel 1984). However, patches may be known
to all individuals in an area, whereas the patch quality is
unknown (Valone 1989). In this case, individuals can use
public information to assess patch quality during ongoing
foraging and decide when to leave the current patch for
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the next (e.g. Valone 1989; Templeton & Giraldeau
1995a,b; Smith er al. 1999).

Food in nature may be distributed in patches. The
empty space between patches results in a cost of time to
travel between patches. Often food occurs as discrete
items within a patch (e.g. Iwasa er al. 1981). In a given
area of food patches, the number of food items in patches
may follow a given distribution. A Bayesian forager (Green
1980) knows this distribution (i.e. has prior information),
but the content of a specific patch is unknown. It is likely
that this distribution is clumped (e.g. has a negative
binomial distribution), which means that there are few
patches with large numbers of prey and many patches with
low numbers of prey.

On the basis of the argument that public information
improves patch quality assessment (Clark & Mangel 1984;
Valone 1989), we address the question if information
exchange alone provides enough benefits that it would
promote group foraging. Potentially, individuals may be
able to exploit the positive foraging benefit of information
(O. Olsson and J. S. Brown, unpublished data). We
present a model for Bayesian group foragers in which indi-
viduals are assumed to be equal in all respects, possess
information of equal value and share the information equ-
ally. We investigate the case in which each individual in
the group shares all the information gathered by all the
group members.

2. MATERIAL AND METHODS

Iwasa er al. (1981) showed that knowing the number of prey
found and the patch searching time is sufficient information to
estimate the prey content of a patch (under the given premises).
The optimal Bayesian forager follows a policy of when to leave
a patch that is given as a set of stopping points {(0, z,), (1,
21)s ... » (ky 2,)}, 1.e. the forager should leave if it has spent z,
time and found n (=0, ..., k) food items. The forager can max-
imize its intake rate (e.g. Green 1988), but the policy is similar
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for a Bayesian forager maximizing its survival rate: it aims for
the intake rate that maximizes its survival (Olsson &
Holmgren 1998).

In the model we assume that the forager is searching randomly
(for systematic search see Green (1980)) and is maximizing food
intake rate. We solve the optimal policy for a Bayesian group
forager by using stochastic dynamic programming (Houston er
al. 1988; Houston & McNamara 1999; Clark & Mangel 2000).
This is a backward iterative algorithm that finds the best state-
dependent behaviour. We use two state variables—the search
time (2) and the number of food items found (). They represent
the forager’s state of information of the current patch. The for-
ager has two state-dependent behavioural options: (i) to stay and
continue searching for food in the current patch; or (ii) to leave
for a new patch. The dynamic programming equations link gross
intake of food, G(n, 2, t), and gross time, T(n, 2z, ), from one
step within an iteration to the next for the behavioural options:

G (n,2,0) = Z Pkn,2)(Gn+ kyz+ 1,6+ 1) + k)
k=0
Search S

‘max

T(n,2,t) = E Pynz)(Tn+ k,z+ 1,2+ 1)+ 1)

k=0
and

k.
Gmzn= > Pk,0,0)(Gk, 1,1+ 1) + k)
k=0

Leave . 2.1)

k
‘max

T(nz,0) =7+ > P(k,0,0)(T(k, 1,2+ 1) + 1)

k=0

As the iteration is backwards, the right-hand side of equations
(2.1) (i.e. at ¢ + 1) are known. At the first iteration, G and T on
the right-hand side are zero for all values of 7z and z (the terminal
reward). As the iteration proceeds backwards, G and T increase.
G(2) is computed by adding % food items to the expected gross
intake at ¢ + 1 with its state updated accordingly: G(n + &, z + 1,
t + 1) when the forager remains searching, and G(k, 1, t + 1)
when the forager leaves for a new patch. The probability that the
forager finds & food items, given # items already found during z
search time, P(k, n, z), is taken into account (see Olsson &
Holmgren (1998) for computation of P). 7(z) is computed anal-
ogously, but the travelling time between patches (7) is added
when the forager leaves the patch. When the forager leaves a
patch, its state variables are reset to zero. The intake rate for each
behavioural option is calculated by taking the gross intake over
gross time (G/T). The behavioural option that gives the highest
intake rate is chosen at every iteration, and for all combinations
of state variables. The process is iterated until the leaving policy
is constant for 20 successive iterations. The ratio G/T approaches
the long-term intake rate as ¢t moves far away from the time hor-
izon. The long-term intake rate that the stochastic dynamic pro-
gramming algorithm yields (G/T) is influenced by the terminal
reward. For an individual applying the optimal policy, we there-
fore calculate the long-term intake rate as

R=Em/(E() + 1), (2.2)

where the expected number of food items to be found in a patch
until the forager leaves is

Em) = >, > nL(n,2,|x)Q(x) (2.3)

n x

and the expected patch residence time is
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E(2) = 2. >2,L(n,2, | x) O(x). 2.4

n x

L(n, z,|x) is the probability that a forager leaves at the stopping
point {n, z,}, given that there are x items in the patch from the
beginning (see eqn (2-3) in Olsson & Holmgren (2000)). Q(x)
is the probability of the patch containing x food items, calculated
from the negative binomial distribution of patch content given.

The single individual model has four parameters: the forager’s
search efficiency (v); travelling time; and the mean () and vari-
ance (var) of the negative binomial distribution of patch con-
tents. The single individual model is modified by incorporating
group size, N, into a group foraging model. The search efficiency
is multiplied by N, and the resulting intake rate from the
obtained policy is divided by N to get the per capita intake rate.
All individuals are equal in this model.

We have chosen parameter values with the aim of covering a
wide spectrum of foraging conditions faced by animals in the
wild (table 1). Even though more extreme prey density distri-
butions can be conceived, they become technically difficult to
handle. The present range should suffice for the purpose of gen-
erating general results.

3. RESULTS

Leaving policies are convex functions of the number of
prey taken over the search time (figure 1). A minimum
time is always spent in the patch, indicated by the fact
that each policy intersects with the abscissa. The resulting
policies are arranged with respect to group size: the larger
the number of individuals in the group, the shorter the
residence time for each specific number of prey found (in
figure 1, from left to right the policies are ordered with
decreasing group size, N=20, 10, 5, 2, 1). Hence, the
larger the group, the less time each group member spends
in the patch, as the patches are depleted faster with
increasing group size. The qualitative results are common
for all parameter combinations investigated.

The optimal group size for intake rate maximizers is
investigated by plotting the per capita intake rate against
group size (n=1, 2, 5, 10, 20). The intake rates decrease
with increasing group sizes for all parameter combinations
investigated (figure 2). Hence, the forager gets the
maximum intake rate when foraging alone. The effect of
group size on intake rate is least when the travelling time
is short (figure 2a,c), especially in combination with low
search efficiency (figure 2a). In this case, the travelling
time is negligible: at any time, the foraging individuals can
go on to unharvested patches without paying any signifi-
cant cost in terms of time. The situation approximates a
systematic search in a single, unlimited patch.

4. DISCUSSION

Our results suggest that the benefit from information
sharing among Bayesian foragers is insufficient to out-
weigh the cost due only to exploitative competition (see
also Rita & Ranta 1998). There are two explanations for
this result, as follows.

(i) The time cost for travelling between patches remains
constant for each individual. Within patches a group
of N foragers can sample the same area (gain the
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Table 1. The parameter settings used in the calculations of the optimal policies.
(All combinations of high and low values were analysed (16 cases).)

search efficiency travelling time mean prey density variance
high 1.0 2880 10 mean - 50
low 0.008 0.0167 0.01 mean - 1.1
low mean high mean low mean high mean
low variance low variance high variance high variance
@, . @y, ., @
low search efficiency '
short travelling time 7/
@ . . W C @ W
low search efficiency §
long travelling time <
=] i
B .
g Dy, O B (N T ()
o H H i £ | !
high search efficiency g | ] F | i
. . = i r H : H §
low travelling time = w I/ . )
7 ) ; .-f
(m) [ o A R0
high search efficiency i S ! 5 'I
high travelling time ! ! S !
7 N |

time spent in patch

Figure 1. Leaving policies. The graphs illustrate leaving policies for groups of (from left to right) 20, 10, 5, 2 and 1
individuals, except for (p) where the case of one individual is out of the scale range. Each point is equivalent to an optimal
residence time in the patch. In each case the individual leaves the patch earlier as the group size increases.

same amount of information) in 1/N of the time
needed by a solitary forager. As a consequence, aver-
age patch residence time is reduced. The travelling
time, however, remains unchanged in absolute
terms—each individual has to spend the same time
travelling between any two patches regardless of
group size. As group size increases, the individuals
will spend less time in each patch, but will visit more
patches, and hence will spend more of their total
time travelling. A large group of foragers will there-
fore in essence be caught in a perpetual skipping
around the world, each gaining heaps of information
but little food. Consequently, the reduction in gain
rate with group size is least when the travelling time
is short (figure 2a,b). If foragers are instead assumed
to search for patches, our result with a decreasing
intake rate with increasing group size may no longer
apply. It has been shown that if the travelling time
decreases proportionally with group size, intake rate
will be independent of group size (Clark & Mangel
1986). It is worth noting, though, that from our
results we cannot tell whether this also means that
information is likely to be more valuable when trav-
elling time is short. We can only conclude that even
in this situation the scenario remains the same:
information is insufficient to outweigh the costs
owing to exploitative competition. Gain rate still

Proc. R. Soc. Lond. B (2003)

decreases with increasing group size even though the
magnitude of the decrease is less than in cases with
longer travelling times.

(i) The value of additional sampling by an extra group
member decreases with group size. This effect is
known from basic statistics: the reliability of the esti-
mate of a population mean improves less for a given
additional sample as the sample size increases.

There are reasons to believe that our general result is
robust under the assumptions given. The limits of a large
parameter space, which are likely to apply to natural situ-
ations, have been investigated, yielding qualitatively con-
sistent results. Clumped distributions, which have been
used in our analyses, are common in nature (Pielou 1977;
Olsson et al. 1999). The other discrete statistical distri-
butions such as Poisson and binomial distributions are
more ‘even’ and the benefit of information is less, or even
absent (O. Olsson and J. S. Brown, unpublished data).
Therefore, information sharing is not likely to promote
grouping within these statistical distributions either. An
analytical solution to a simplified environment with only
two patch types, patches with a fixed number of food
items and empty patches, is presented by Clark & Mangel
(1986). They also found that intake rate was decreased
with group size. In a more complex environment with a
distribution of patch sizes, the intake rate of group for-
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Figure 2. Intake rates. The graphs illustrate the intake rates for groups of 1, 2, 5, 10 and 20 individuals. White symbols, low
mean prey density; black symbols, high mean prey density; upside-down triangles, low variance; triangles, high variance. For
each case, the intake rate per individual declines as the group size increases.

agers has no analytical solution (e.g. Green 1988; Ols-
son & Holmgren 1998).

According to our model each individual receives a lower
intake rate of food as the size of the foraging group
increases (figure 2). Livoreil & Giraldeau (1997) found
that spice finches (Lonchura punctulata) foraging in groups
ate fewer seeds per unit time than birds foraging alone.
Pitcher er al. (1982) found similar results in their studies
on goldfish (Carassius auratus) and minnows (Phoxinus
phoxinus), in which the intake rate of food per individual
decreased as the group size increased. Livoreil & Giral-
deau (1997) found results similar to ours also regarding
patch-leaving decisions (figure 1). They found that spice
finches foraging in groups left each patch earlier as the
group size increased. When the patches are depleted the
prey density declines faster as the number of foraging indi-
viduals increases.

It is generally acknowledged that there are informational
benefits from grouping (Clark & Mangel 1986). Empirical
studies indicate that individuals use public information
and that it improves foraging. Pitcher ez al. (1982) con-
ducted studies on both goldfish and minnows and found
that the larger the number of fish in a shoal, the shorter
the time until a test individual found its first food object.
This was suggested to be a result of fish observing other
group members finding food and thereby themselves find-
ing the location of food faster. Watching other individuals
foraging as a way of transmitting foraging information has
also been noticed in studies on birds in which a change
of body posture indicates whether a foraging individual is
looking for producing or scrounging opportunities

Proc. R. Soc. Lond. B (2003)

(Coolen et al. 2001). By observing foraging conspecifics,
i.e. using public information, an individual can increase
the accuracy of its estimate of current patch quality. The
accuracy improves as the number of foraging individuals
in the group increases. In studies on cliff swallows
(Hirundo pyrrhonota) by Brown (1988), individual variance
in foraging success decreased for birds foraging in groups
compared with birds foraging alone. This may be inter-
preted as individuals being able to make a more accurate
assessment of patch quality as the group size increased
since each individual has access to more information.

We have shown consistent results in our theoretical
analysis of the role of information sharing in explaining
animal group formation: incompletely informed animals
cannot increase their intake rate by increasing group size
in a patch-foraging scenario. We also see in our results
that it is when the travelling time is negligible that the
negative effect of increased group size is smallest. If the
travelling time becomes so short as to be insignificant, the
situation approximates a systematic search in a single
unlimited patch. With a systematic search, only unhar-
vested areas are searched for food, and the cost of sharing
food with group members disappears. Open land grazers
live under these conditions when other factors (not
included in our model) that promote group foraging out-
weigh the costs of increased group size. One example of
such a factor is shared vigilance time by group members
and the increased probability of detecting a predator (for
a review see Krause & Ruxton (2002)). This may at least
partly explain why many open land grazers forage in
groups.



Information and group foraging E. Sernland and others 1141

The authors thank J. van Gils and three anonymous reviewers
for valuable comments on the manuscript. They also thank L.
Helmuth for improving the English.

REFERENCES

Anderson, C. & Franks, N. R. 2001 Teams in animal societies.
Behav. Ecol. 12, 534-540.

Broom, M. & Ruxton, G.D. 1998 Modelling responses in
vigilance rates to arrivals to and departures from a group of
foragers. IMA ¥. Math. Appl. Med. Biol. 15, 387-400.

Brown, C. R. 1986 CIiff swallow colonies as information cen-
ters. Science 234, 83-85.

Brown, C.R. 1988 Social foraging in cliff swallows: local
enhancement, risk sensitivity, competition and the avoidance
of predators. Anim. Behav. 36, 780-792.

Charnov, E.L. 1976 Optimal foraging, the marginal value
theorem. Theor. Popul. Biol. 9, 129-136.

Clark, C. W. & Mangel, M. 1984 Foraging and flocking stra-
tegies: information in an uncertain environment. Am. Nat.
123, 626—641.

Clark, C. W. & Mangel, M. 1986 The evolutionary advantages
of group foraging. Theor. Popul. Biol. 30, 45-75.

Clark, C. W. & Mangel, M. 2000 Dynamic state variable models
in ecology. New York: Oxford University Press.

Coolen, I., Giraldeau, L.-A. & Lavoie, M. 2001 Head position
as an indicator of producer and scrounger tactics in a
ground-feeding bird. Anim. Behav. 61, 895-903.

De Ruiter, J. R. 1986 The influence of group size on predator
scanning and foraging behaviour of wedgecapped Capuchin
monkeys (Cebus olivaceus). Behaviour 98, 240-258.

Elgar, M. A. & Harvey, P. 1987 Colonial information centres.
Trends Ecol. Evol. 2, 34-34.

Giraldeau, L.-A. 1984 Group foraging: the skill pool effect and
frequency-dependent learning. Am. Nar. 124, 72-79.

Gould, L. L. & Heppner, F. 1974 The vee formation of Can-
ada geese. Auk 91, 494-506.

Green, R. 1980 Bayesian birds: a simple example of Oaten’s
stochastic model of optimal foraging. Theor. Popul. Biol. 18,
244-256.

Green, R. 1988 Optimal foraging for patchily distributed prey:
random search. Department of Mathematics & Statistics,
University of Minnesota, Duluth, Minnesota, Technical
Report 88-2.

Hamilton, W. D. 1971 Geometry for the selfish herd. ¥. Theor.
Biol. 31, 295-311.

Houston, A.I. & McNamara, J. M. 1999 Models of adaptive
behaviour. Cambridge University Press.

Houston, A. I., Clark, C., McNamara, J. & Mangel, M. 1988
Dynamic models in behavioural and evolutionary ecology.
Nature 332, 29-34.

Iwasa, J., Higashi, M. & Yamamura, N. 1981 Prey distribution
as a factor determinig the choice of optimal foraging strategy.
Am. Nar. 117, 710-723.

Proc. R. Soc. Lond. B (2003)

Kenward, R. E. 1978 Hawks and doves: factors affecting suc-
cess and selection in goshawk attacks on woodpigeons. .
Anim. Ecol. 47, 449-460.

Krause, J. & Ruxton, G. D. 2002 Living in groups. New York:
Oxford University Press.

Livoreil, B. & Giraldeau, L. 1997 Patch departure decisions
by spice finches foraging singly or in groups. Anim. Behav.
54, 967-977.

Mertens, J. A. L. 1969 The influence of brood size on the
energy metabolism and water loss of nestling great tits Parus
major major. Ibis 111, 11-16.

Neill, S. R. St]. & Cullen, J. M. 1974 Experiments on whether
schooling by their prey affects hunting behaviour of cephalo-
pods and fish predators. ¥. Zool. 172, 549-569.

Olsson, O. & Holmgren, N. M. A. 1998 The survival-rate-
maximizing policy for Bayesian foragers: wait for good news.
Behav. Ecol. 9, 345-353.

Olsson, O. & Holmgren, N. M. A. 2000 Optimal Bayesian for-
aging policies and prey population dynamics—some com-
ments on Rodriguez-Gironés and Vasquez. Theor. Popul.
Biol. 57, 369-375.

Olsson, O., Wiktander, U., Holmgren, N. M. A. & Nilsson,
S. G. 1999 Gaining ecological information about Bayesian
foragers through their behaviour. 2. A field test with wood-
peckers. Oikos 87, 264-276.

Pielou, E. C. 1977 Mathematical ecology. New York: Wiley.

Pitcher, T.]J., Magurran, A. E. & Winfield, I.]J. 1982 Fish in
larger shoals find food faster. Behav. Ecol. Sociobiol. 10,
149-151.

Rita, H. & Ranta, E. 1998 Competition in a group of equal
foragers. Am. Nar. 152, 71-81.

Smith, J. W., Benkman, C. W. & Coffey, K. 1999 The use and
misuse of public information by foraging red crossbills.
Behav. Ecol. 10, 54-62.

Sonerud, G. A., Smedshaug, C. A. & Bréathen, 0. 2001 Ignor-
ant hooded crows follow knowledgeable roost-mates to food:
support for the information center hypothesis. Proc. R. Soc.
Lond. B 268, 827-831. (DOI 10.1098/rspb.2001.1586.)

Templeton, J. J. & Giraldeau, L.-A. 1995a Public information
cues affect the scrounging decisions of starlings. Anim.
Behav. 49, 1617-1626.

Templeton, J.]. & Giraldeau, L.-A. 19955 Patch assessment
in foraging flocks of European starlings: evidence for the use
of public information. Behav. Ecol. 6, 65-72.

Valone, T.]. 1989 Group foraging, public information, and
patch estimation. Otkos 56, 357-363.

Valone, T.]. & Templeton, J.J. 2002 Public information for
the assessment of quality: a widespread social phenomenon.
Phmil. Trans. R. Soc. Lond. B 357, 1549-1557. (DOI
10.1098/rstb.2002.1064.)

Ward, P. & Zahavi, A. 1973 The importance of certain assem-
blages of birds as ‘information-centres’ for food-finding. Ibis
115, 517-534.

Weihs, D. 1973 Hydromechanics of fish schooling. Nazure 241,
290-291.



