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The size of breeding colonies varies widely in most colonial birds. This natural size variation has allowed an understanding

of how the costs and benefits of coloniality change with group size, but the reasons for variation in colony size are unknown.

We suggest that colony-size variation offers insights into the evolution of coloniality. If colony size is proportional to local

resource availability (an ideal free disiribution), each individual regardless of its breeding group should receive an equal

fraction of the resource and have similar fitness expectations. In such cases, reproductive success should not vary with

colony size. Field data for herons suggest that colony size directly refiects local resource abundance, but little comparable

data for other species exist. If colony size reflects an ideal free distribution, coloniality likely evolved in response to resource

heterogeneity within a habitat. Colony size may also reflect phenotypic differences among birds (a modified ideal free

distribution), with birds of particular ages or abilities sorting into colonies of different sizes based on the costs and benefits of
group size that each individual expects. If composition of colonies differs, different birds may be receiving different benefits

from colonial breeding with colony size reflecting individual optima. Arguments that colony size is unstable and thus cannot

be a primary determinant of fitness assume a particular relationship between fitness and group size, that an optimal colony
size exists, and that choice of colony size is done individually (not through collective processes). None of these assumptions

is strongly supported by data, and some are violated for some species, implying that colony size may be stable at times. Field

workers should concentrate on determining why colonies vary in size.

INTRODUCTION

Most colonially breeding birds show extensive variation in colony size within populations. This variation can be over several
orders of magnitude and is seen in virtually all taxonomic groups (Brown ef al. 1990). Field studies of avian coloniality have
used natural colony-size variation to explore many of the classical costs and benefits of group living (e.g., Hoogland and
Sherman 1976; Veen 1977; Robinson 1985; Brown and Brown 1986, 1987, 1996; Van Vessem and Draulans 1986; Meller
1987; Shields and Crook 1987; Burger and Gochfeld 1990, 1991; Wiklund and Andersson 1994), and these studies have
revealed that costs such as ectoparasitism and benefits such as avoidance of predators tend to vary systematically with colony
size. In the best studied case, that of the Cliff Swallow Petrochelidon pyrrhonota at least 13 different costs and 13 different
benefits were identified, with the magnitudes of these dependent to some degree on colony size (Brown and Brown 1996).
While a cost-benefit analysis of these factors is complicated by their being measured in different currencies (for example, the
probability of adult survival versus the incidence of food piracy by kleptoparasitic fledglings), clearly colony size can
influence an individual's fitness. Unclear, however, is why colonies vary in size. Although a few hypotheses have been

offered (Brown et al. 1990), virtually no field studies have addressed the ecological or social bases for variation in breeding
colony size.

This paper is not a review of the extensive literature on the costs and benefits of coloniality; such reviews are available from
Burger (1981), Birkhead (1985), Wittenberger and Hunt (1985), Brown ef al. (1990), Siegel-Causey and Kharitonov (1990),
and Brown and Brown (1996). Instead, we focus on what colony size may tell us about the evolution of avian coloniafity. We
have argued elsewhere (Brown and Brown 1996) that an explanation of colony-size variation will likely explain the
evolution of coloniality more generally, and we expand on that argument here.

IDEAL FREE DISTRIBUTIONS AND LOCAL RESOURCES
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That colony size might reflect an ideal free distribution of birds with respect to patchy resources within a habitat has been
essentially the only widely discussed hypothesis for colony-size variation (Shields et al. 1988; Brown ef al. 1990; Brown and
Rannala 1995; Brown and Brown 1996; Danchin and Wagner 1997). This view holds that local variation in resources or
intrinsic habitat quality lead to occupancy by birds in direct relation to resource abundance. This is the general basis for
Danchin and Wagner's (1997) habitat-selection model for colony formation. Resources may be commodities such as amount
of food or number of nesting sites and potential mates, or aspects of nesting habitat quality such as relative degree of
predation or ectoparasitism experienced. The net effect is that more birds settle in areas of high abundance and fewer birds in -
areas with low resource abundance. If the distribution is truly ideal free (with continuous input of resources), each individual
regardless of where it settles receives an equal share of the total resources in the habitat as a whole. Colony-size variation
would then reflect variation in infrinsic quality of habitat patches.

The pervasiveness of colony size variation among species (Brown ef al. 1990) might suggest that birds commonly distribute
themselves among patches in an ideal free manner. Although ideal free theory has been well studied (e.g., Fretwell and Lucas
1970; Sutherland and Parker 1985, 1992; Parker and Sutherland 1986; Houston and McNamara 1988) and the concept
applied frequently to foraging groups of different sizes (Milinski 1988; Tregenza 1995), no one has tested directly whether
breeding colonies represent ideal free distributions with respect to habitat quality. Brown and Rannala (1995) indirectly
tested whether CHiff Swallow colonies reflect an ideal free distribution by comparing observed colony sizes at sites across
years to a theoretical distribution based on a Poisson process, Making the assumption that resources at a site are
autocorrelated between years, they found that swallows were not distributed among sites in an ideal free way. This approach
has promise and should be applied to other species, but it is informative only when empirical results differ from the
theoretical distribution (rejecting the ideal free distribution). If data fit the model, the ideal free distribution cannot be
confirmed because other processes may generate the same distribution of colony sizes.

We suggest two alternative ways to address whether colony sizes reflect ideal free distributions in colonial birds. One is to
measure local resources directly, This requires identifying the relevant resource(s) in a habitat patch, which itself is a major
challenge because so many potentially affect colony size (Brown and Rannala 1995; Danchin and Wagner 1997). More total
resources should be associated with larger colonies. Perhaps the most obvious resource to influence colony size in this way is
food. There is, however, relatively little information available on food abundance at colonies of different sizes. Part of this
reflects the difficulty of measuring resources on the spatial scale required; colonial seabirds, for example, feed over large
areas, and sampling food on such a scale is prohibitively difficult (Hunt and Schneider 1987, Cairns 1992). In species such as
Cliff Swallows which feed on many different kinds of prey, sampling them all is virtually impossible because of the diversity
of methods required (Brown and Brown 1996).

An alternative approach for some species is to assess the amount of foraging habitat near colonies of different sizes,
assuming that a greater foraging area supports more food. This method was used in studies of Great Blue Herons Ardea
herodias in Maine and Illinois (Gibbs et al. 1987; Gibbs and Kinkel 1997). In both populations, amount of preferred foraging
habitat within a colony's foraging range correlated directly with colony size at a site (Fig. 1). Heron colony size directly
reflects the amount of locally available food, and Gibbs' studies provide the best demonstration yet of colony size as an ideal
free distribution of birds with respect to resources. This result, if general, would imply that colony formation occurs
primarily in response to patchy and uneven resource distributions. While the possible influence of patchy resources on the
evolution of coloniality has been recognized for decades (e.g., Crook 1965; Horn 1968; Alexander 1974) and assumed in
recent discussions (Danchin and Wagner 1997), to date the Great Blue Heron data are the only convincing ones that show a
direct link between extrinsic features of a habitat patch and colony size.

The other way to smdy the ideal free distribution is to use reproductive success. If birds distribute themselves such that each
receives an equal fraction of the total resource, each individual should have a similar breeding success. We would predict
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under these conditions, therefore, that average fitness should not vary with colony size. A recent review (Brown and Brown
1996) found 16 studies that showed no relationship between annual reproductive success and colony size, supporting an ideal
free process in the evolution of coloniality. However, the same review found over 30 other studies which showed a positive,
negative, or curvilinear relationship between annual reproductive success and colony size. The evidence from studies of
reproductive success alone thus does not support the hypothesis that avian colony size in general reflects ideal free use of
resources. We emphasise, though, that only the approach of Gibbs et al. (1987) and Gibbs and Kinkel (1997) or other direct
measures of resource availability can address the issue conclusively.

In assessing any relationship between colony size, local resources, and expected fitness, it is important to distinguish to what
degree habitat quality causes colony size and to what degree it reflects the consequences of colony size. The choice of a
breeding site occurs either during the previous nesting season often during chick rearing (Boulinier ef al. 1996) or early in
the current breeding season (Brown and Brown 1996). Resource availability in a habitat patch at these times would be the
critical determinant of how many individuals can settle and what size colony forms there. Initial seftlement could be based on
an ideal free process, and if resources were measured at that time, one should find colony sizes proportional to resource
availability. However, not all of the social costs and benefits of group living are linearly related to colony size; some operate
more strongly above or below certain colony-size thresholds (Brown and Brown 1996). When this happens, resource
availability in a patch may change as a direct response to increasing exploitation of the resource. For example, large seabird
colonies seriously deplete local waters, creating a "halo" of unproductive foraging areas (Ashmole 1963; Cairns 1992). This
halo develops with time: sites that may have started the season with abundant local food resources may show significant food
depletion as a consequence of the activities of the many colony residents. Resource measurements at these times might reveal
less food resource per individual in habitat patches with large colonies than in those supporting small colonies, although
initial settlement may have been based on the reverse pattern. This illustrates that measuring resource availability to test the
ideal free distribution for breeding colonies must take into account time of year, the time when birds choose colonies, and the
nature of any group-size effect on resource use. The social costs and benefits associated with different colony sizes and their
consequences thus must be known before colony size as an ideal free distribution can be properly evaluated.

Given these difficulties and the fact that only some of the costs and benefits of group size have been identified for most
colonial species, it is not surprising that we lack solid evidence that colony size reflects an ideal free distribution of birds.
This should not deter investigation, however, especially when resources can be measured directly (e.g., Gibbs et al. 1987;
Gibbs and Kinkel 1997). It seems likely to us that heterogeneity in resources within a habitat conftributes at least in part to
colony-size variation among birds in general, at least in the colony selection phase and even in species in which the social
costs and benefits of group size have a large separate influence on fitness. An ideal free process is central to recent models
for colony formation {Danchin and Wagner 1997), and for this reason we need field studies specifically designed to measure
colony resources. Colony-size variation allows us to make specific predictions about what such studies should find.

We emphasise that measuring habitat resources tells us something very different from measuring reproductive success as
advocated by Danchin and Wagner (1997). Reproductive success at a site reflects both the quality and quantity of local
resources and the net effect of the social costs and benefits of group size. Thus, knowing reproductive success per se does not
reveal the cause of any reproductive differences among colonies and cannot identify whether colonies form mostly in
response fo favourable habitat features (local resources), for social reasons such as better predator avoidance or food-finding,
or both. Measurement of resource availability around colonies of different sizes, coupled with knowing how the social costs
and benefits of group size vary, should yield clues fo the evolution of coloniality. The extensive development of ideal free
theory (reviewed in Tregenza 1995) provides a rich framework for studying variation in colony size.

PHENOTYPIC DIFFERENCES AMONG INDIVIDUALS

Much of the early work on avian coloniality focused on the average expectations of birds in different colonies, commonly
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analysing how mean values of a cost or benefit varied with colony size. Only recently have differences among individuals
within groups been emphasised (Jones 1987; Brown and Brown 1996). Breeding colonies are usually made up of individuals
of different ages, with different backgrounds and experience, and of varying physiological condition. These birds may
receive different net advantages from colonial nesting as a result of their different attributes; for example, the greater overall
vigilance inherent in a large colony may improve the odds that a naive, young bird will survive the breeding season more so
than for an older, experienced individual. The implication is that individuals of different abilities may be joining colonies for
different reasons. This obviously complicates the analysis of coloniality's origins but probably forces a more realistic
emphasis on individual decisions.

Colony-size variation may reflect the different expectations of individuals. Among foraging animals, competitive ability may
affect choice of group size: low-ranking fish prefer to feed solitarily rather than in a group because they are poor at
competing for food in large groups (Ranta et al. 1993). The notion of sorting among groups based on competitive ability has
been applied to groups of cooperatively breeding birds (Brown 1982), fish schools (Ranta and Lindstrom 1990, Ranta ez al.
1993), and bird leks (Hoglund et al. 1993). That breeding colonies might reflect sorting of individuals based on personal
attributes was suggested by Brown and Brown (1996). Ideal free theory that takes into account unequal abilities of
individuals (Sutherland and Parker 1985, 1992; Parker and Sutherland 1986; Jones 1987; reviewed in Tregenza 1995) makes
essentially the same prediction that phenotypic characteristics of birds will influence their expectation of success in different
habitat patches. We suggest that application of unequal-competitor ideal free models to avian coloniality would be instructive
(and see Jones 1987). Colony-size variation provides a natural framework in which to examine phenotypic differences.

We might first ask to what degree colonies differ in their composition. For example, are young, inexperienced, or otherwise
inferior individuals relegated to small colonies (as in fish schools), while high-quality birds settle in the larger colonies? If so,
this implies that sites differ in their intrinsic quality and that large colonies probably form in the best areas. Small colonies of
poor-quality birds may be scattered throughout the habitat in less favourable sites, as occurs for example in Yellow-rumped
Caciques Cacicus cela (Robinson 1985, 1986). There are two consequences of such a pattern. It suggests that coloniality
evolves through aggregation in areas of high resource availability and is perhaps best explained by an ideal free distribution
modified to account for individual differences in competitive ability (reviewed in Tregenza 1995). It also means that
observed differences in reproductive success may not be attributed solely to site quality; the characteristics of the birds
occupying the site must also be considered. For example, higher reproductive success in larger colonies may be due in part to
the features of that habitat patch (local resources) and in part to the social benefits (predator avoidance, food-finding) that
accrue whenever large numbers of high-quality birds aggregate.

To date few field studies have examined differences in composition among colony sizes. In Black Skimmers Rynchops niger
and perhaps other seabirds, younger birds are suspected to settle in small colonies (Kharitonov and Siegel-Causey 1988;
Burger and Gochfeld 1990). In Bearded Tits Panurus biarmicus, females living in colonies tended to weigh more and were
thus in better condition than birds nesting as solitaries (Hoi and Hoi-Leitner 1997). If these condition differences applied o
the birds at the time they settled and were not merely consequences of group living, Hoi and Hoi-Leitner’s results imply that
better quality females aggregate, possibly in areas of high resource abundance. (No differences were found among males that
were colonial versus solitary.) In Bank Swallows Riparia riparia, older individuals secured the best nesting sites within
colonies, forcing formation of smaller subcolonies composed of younger birds (Jones 1987). Sorting may be passive in which
low-quality birds simply avoid the areas of high population density, or it may be mediated by aggressive interactions in
which the low-quality birds fail to secure breeding sites in favoured areas by losing contests.

A different situation seems to apply in Cliff Swallows. Age tends to be inversely related to colony size, with birds tending to
begin their breeding careers in large colonies and switching to smaller colonies as they get older (Brown and Brown 1996). A
possible interpretation is that naive first-year swallows gain more from the antipredator and foraging advantages of a large
colony (despite the costs) than do more experienced birds. Older individuals switch to smaller colonies to aveid the
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substantial costs of larger colonies (ectoparasitism in particular) which apply to all birds regardiess of their age. Similarly,
birds which are initially parasite free and in relatively good body condition at the time of colony settlement tend to favour
smaller colonies (Fig. 2; Brown and Brown 1996). This suggests that high-quality birds who have less to gain from the
advantages of a large colony prefer smaller colonies to minimise the costs of group life. Soi‘ting by phenotype illustrates that
individuals benefit differently from colonial nesting and suggests that colony size may not always reflect local resource
availability or habitat quality. Determining the composition of colonies and the attributes of colony members should thus be
a priority in future field studies. Interpreting patterns of reproductive success (Boulinier and Danchin 1997; Danchin and
Wagner 1997) will also be influenced by colony composition: how much of the snccess at a site is determined by intrinsic
habitat features and how much by the phenotypic distribution of colony residents? If the latter is a major component of the
observed reproductive success, prospective residents are unlikely to learn much about future prospects at a site by observing
nesting activity (sensu Danchin and Wagner 1997), unless colony composition between years stays the same.

STABILITY OF COLONY SIZE

Colony size is often considered unstable because an individual may join or leave a colony and thereby change its size (Sibly
1983; Pulliam and Caraco 1984). If there is a single optimal colony size that in theory provides the highest fitness for
members, individuals who seek to join the colony from the outside will alter the payoffs for all residents by increasing the
colony size above the optimum. Optimal group size thus can be unstable, and groups larger than the optimum might be
common {Pulliam and Caraco 1984). Theoreticians have modelled the conditions under which individuals should and should
not join groups of particular sizes (Sibly 1983; Giraldeau and Gillis 1985; Giraldeau and Caraco 1993; Higashi and
Yamamura 1993; Rannala and Brown 1994). The presumed instability of colony size has led to questions about whether it
provides an appropriate framework for analysing fitness of colonial animals (Meller 1997; Danchin and Boulinier in press)
and thus whether animals can use it as a reliable cue in selecting whete to nest (Kharitonov and Siegel-Causey 1988, Brown
and Brown 1996). Others have suggested that site characteristics per se are more likely than colony size to determine fitness
{Danchin and Wagner 1997).

We respond to this view in the following ways. Stability of group size depends heavily on the shape of the fitness function
associated with group size. If fitness declines steeply in groups larger than the optimal, an individual seeking to join an
existing group at optimal size may do better by remaining as a solitary or joining a smaller group (Giraldeau and Gillis
1985). This may occur especially in cases where competition is increased in large groups. Stability of group size will also
depend on relatedness between the potential joiner and members in the group: if relatedness is high, a potential joiner may be
selected to avoid the group because its presence would depress fitness of all its relatives within the group (Giraldean and
Caraco 1993; Higashi and Yamamura 1993). This probably applies more often to social insects but may also be important for
co-operatively breeding birds that live in family groups of various sizes (e.g., Brown 1982). Thus, before one can claim that
an optimal colony size is stable or unstable, information on fitness (reproductive success) and relatedness in relation to
colony size must be obtained.

The assumption that optimal group sizes exist at all may be problematic, because there is little evidence for optimal breeding
colony sizes in general (Brown and Brown 1996). If colonies form in an ideal free way with respect to habitat quality, one
would predict no optimal colony size. The lack of a relationship between reproductive success and colony size in the 16
studies mentioned earlier are consistent with there being no optimal colony size, and only seven of 47 studies reviewed in
Brown and Brown (1996) provided even weak evidence for an intermediate optimal colony size.

Finally, colony sizes can be stable if individuals co-ordinate their selection of colony site. I individuals seeking to join
colonies aggregate prior to settlement (e.g., during migration or foraging), they can colonise entirely new sites and come
much closer to achieving a desired colony size than if they each joined an existing group separately (Brown and Brown
1996). In CIliff Swallows, birds move in and out of colonies early in the season in groups, suggesting some collective
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decision-making. Many sites are first occupied by groups, and birds arrive on the breeding grounds in flocks. Other species
show similar mass arrivals and departures at sites (Kharitonov and Siegel-Causey 1988). The assumption that birds looking
for colonies operate independently needs to be tested, because this may not be trae in general. Colonial birds—well known for
their aggregative tendencies—probably show greater parallels with the collective decision-making of the social insects (e.g.,
Seeley 1995) than generally appreciated. Clearly more must be learned about the mechanisms of colony choice before we
can know whether the behaviour of individuals seeking to join groups from the outside represents a potential constraint on
achieving a given colony size at a site.

PROSPECTUS

We agree entirely with Danchin and Wagner (1997) that the evolution of coloniality is an evolutionary enigma. None of the
current hypotheses are adequate in our view to explain the phenomenon in general, and even well-studied cases (e.g., Brown
and Brown 1996) still present many questions and controversies. Colony-size variation may yield important clues to this
puzzle. We urge that field workers de-emphasise the classical paradigm of measuring particular costs and benefits in relation
to group size and instead concentrate on what the distribution of animals among colony sizes may tell us. If colony-size
variation reflects an ideal free match to resources, colonies may form in response to resource heterogeneity in ways similar to
foraging groups. If colony composition differs among large and small colonies, individuals may be maximising their fitness
in groups of different sizes based on their phenotype and the social costs and benefits of group size. In these cases, we would
want to determine how individuals of different phenotypes benefit differently from various group sizes, perhaps through
experimental manipulation of colony size after birds have settled.
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Fig. 2. Percentage distributions of Cliff Swallows carrying various numbers of fleas (a) and of different body masses (in g; b)
at the time of settiement in small colonies and large colonies early in the spring in 1988 in southwestern Nebraska, USA. The
distributions for small and large colonies differed significantly for fleas per bird (328 = 45.2, P < 0.001) and for body mass

per bird (8 = 58.7, P < 0.001). Sample sizes were 132 birds for small colonies and 206 birds for large colonies. From
Brown and Brown (1996).
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