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Many species of animal live in groups, and the group represents the organ-
izational level within which ecological and evolutionary processes occur.
Understanding these processes, therefore, relies on knowledge of the mech-
anisms that permit or constrain group formation. We suggest that
physiological capacities and differences in physiology between individuals
modify fission—fusion dynamics. Differences between individuals in loco-
motor capacity and metabolism may lead to fission of groups and sorting
of individuals into groups with similar physiological phenotypes. Environ-
mental impacts such as hypoxia can influence maximum group sizes and
structure in fish schools by altering access to oxygenated water. The nutri-
tional environment determines group cohesion, and the increase in
information collected by the group means that individuals should rely
more on social information and form more cohesive groups in uncertain
environments. Changing environmental contexts require rapid responses
by individuals to maintain group coordination, which are mediated by
neuroendocrine signalling systems such as nonapeptides and steroid
hormones. Brain processing capacity may constrain social complexity by
limiting information processing. Failure to evaluate socially relevant infor-
mation correctly limits social interactions, which is seen, for example, in
autism. Hence, functioning of a group relies to a large extent on the percep-
tion and appropriate processing of signals from conspecifics. Many if not all
physiological systems are mechanistically linked, and therefore have syner-
gistic effects on social behaviour. A challenge for the future lies in
understanding these interactive effects, which will improve understanding
of group dynamics, particularly in changing environments.

This article is part of the themed issue ‘Physiological determinants of
social behaviour in animals’.

Many species of animal occur in groups, and fundamental processes such as
reproduction, foraging, dispersal and migration occur within this social context
[1]. The dynamics of the group, therefore, influence ecology and evolution of
populations and species [2—4]. According to Tinbergen, the multi-dimensional
nature of biological processes is encapsulated by four dimensions: phylogeny,
development, proximate mechanisms and adaptive consequences [5—-8]. Selec-
tion will lead to the evolution of adaptive behaviour within the constraints of
the physiology of individuals [6]. Physiology is important as a proximate mech-
anism because it enables movement of individuals and interactions between
individuals. Social behaviour is contingent on inter-individual differences [9],
and physiology may act as a constraint if physiological capacities differ mark-
edly between individuals, thereby decreasing cohesion of the group [10,11] or
even preventing grouping behaviour of subsets within populations.
Physiology can influence cohesion of groups at several levels. Cohesion
requires that individuals possess similar capacities for movement, and incur
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similar energetic (metabolic) costs of locomotion [12,13].
Additionally, animals navigate within a group by processing
information transmitted by their environment, including
between individuals. Collective behaviour of individuals
within groups thereby follows particular interaction rules or
decisions that reflect how information gathered about the
environment is translated into motor responses and move-
ment [11,14,15]. Information processing relies on the
neurophysiological characteristics of individuals [16,17].
Physiological characteristics of individuals can, therefore,
influence cohesion of the group, and segregation (fission)
and association (fusion) patterns [18]. Determining the link
between the physiology of individuals and higher-level inter-
actions is significant, because it may explain dynamics at all
group sizes: from groups of few individuals to populations
that must respond to environmental variability such as cli-
mate change. In this introductory review, we will
summarize physiological processes that may interact with
grouping behaviour, and these themes are developed in
detail in the articles that make up this Theme Issue.

Groups of animals do not associate randomly, and the be-
haviour of an individual can determine patterns of
association with other individuals [19,20]. The membership
of a group can change with environmental context, so that
animals leave the group (fission) or new animals join the
group (fusion) [18]. The organizational properties of
fission—fusion societies, such as the frequency of fission—
fusion events, provide insights into how interactions among
individuals drive social relationships, and ultimately influ-
ence dispersal and population processes [20—22]. Temporal
patterns of social organization can form the basis of large-
scale effects such as rates of gene flow and speciation
[3,4,18,23].

Theoretically, animals segregate based on their activity
patterns. According to the activity synchronization theory
[10], a group can stay cohesive only if all members of the
group are at the same place at the same time. For this to
occur, individuals have to synchronize their activity, such
as foraging and migration, for the benefits of staying in the
group. The benefits of living in a group, such as resource
acquisition, defence against predators, access to information
and mating success, are substantial [1,24], so that the need
for activity synchronization is a general feature of social
groups [25]. There may be a trade-off, however, if increasing
or decreasing activity or movement speed comes at a cost to
the individual. If activity patterns of two individuals are
different, one or both may experience a cost if they are
obliged to synchronize their behaviour [10]. For example,
Pacific bluefin tuna (Thunnus orientalis) adopt intermittent
locomotion, where active swimming episodes are inter-
spersed with gliding, resulting in overall lower energetic
costs of locomotion compared with continuous active swim-
ming [26]. The speed of gliding, however, depends on
animal size, and smaller animals glide more slowly than
larger animals. Hence, equal proportions of gliding during
locomotion of different-sized animals would lead to fission
of the group. Instead, smaller animals show greater pro-
portions of active propulsion than larger animals, thereby
incurring a greater energetic cost [26]. Physiological differ-
ences between individuals may represent a similar
proximate mechanism to size differences in causing trade-
offs, and groups may segregate on the basis of their
physiological capacities, thereby reducing the benefits of

group membership. Alternatively, physiologically diverse n

individuals may remain within the same group, but individ-
uals will incur differential costs by operating at suboptimal
physiological levels, for example, an energetic cost resulting
from moving at a suboptimal speed [27-29].

Currently, it is thought that individuals segregate because
differences in size, sex or age are accompanied by different
activity patterns, which can make animals of different sex,
for example, incompatible for group living [10]. Here, we
suggest that inter-individual differences in physiological
capacities can have similar consequences for fission and
fusion dynamics of animals groups (figure 1), which is dis-
cussed in detail in this issue [30]. Differences in physiology
may be the result of genetic differences in underlying traits,
or because individuals respond differently to environmental
conditions [4,9]. A good example presented in this issue is
different species of equid (horses, asses and their relatives),
which possess relatively subtle differences in physiology
that translate into different social behaviours under different
environmental conditions [31].

(a) Locomotor performance and metabolism

Similar environments may lead to significant differences in
behavioural responses, which can be explained by phenoty-
pic differences between individuals [6]. Differences between
individuals in locomotor performance and metabolism
represent proximate mechanisms that can alter individual
behaviour [32-35]. The ensuing inter-individual behavioural
differences may be important to understand social behaviour,
because physiologically mismatched phenotypes could
reduce group cohesion and limit the selective advantages
gained from social behaviour, particularly across changing
environments. On the other hand, physiological differences
between individuals can also increase resilience of the species
to environmental change, and may therefore be advan-
tageous. Hence, fission—fusion events at a subspecies level
may represent a cost resulting from the benefits of physiologi-
cal diversity. However, fission and fusion events may be
beneficial if the resulting groups comprise individuals with
similar physiologies, so that group cohesion and the benefits
of sociality are increased.

Maximal locomotor performance, voluntary movement
speed, the energetic cost of locomotion and fatigue in individ-
uals can influence their capacity to adopt the speed of the
group and the resulting cost incurred. If the group moves
at a speed that exceeds an individual’s maximal speed, that
individual will not be able to join the group. However,
while animals move at maximal speeds during escape behav-
iour or while hunting prey, under most circumstances,
movement occurs at a voluntary speed that is well below
maximum [35-38].

For example, the voluntary speed at which collared
lizards (Crotophytus collaris) foraged was considerably lower
than their maximum speeds [39]. In theory, voluntary
speed reflects minimization of the cost of transport—that
is, the energy used for a given distance travelled
[12,27,28,40]. The energetic costs of staying within a group
may differ between individuals if there are pronounced
differences in the cost of transport between individuals
within the group. For example, we re-analysed our data
[41] on cost of transport of zebrafish (Danio rerio) to estimate
differences in energetic costs incurred by individual fish
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Figure 1. Schematic of the thesis presented in the text. Physiology acts as a
filter between environmental selection pressures and developmental pro-
cesses to influence fission and fusion dynamics in animals. Group
composition and fission—fusion events may feed back to physiology if
individuals within groups or populations are sorted according to their
physiological characteristics, thereby altering gene flow and selection.
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when moving together at a slow speed of 0.05 m s~ ! (approx.
1-2 body lengths s 1) at different temperatures (figure 2).
There were substantial differences between individuals in
energetic cost of transport and the cost incurred after
moving for 60 min (]J g71 wet mass) increased with increasing
temperature (n =15 fish per temperature; permutational
analysis, p <0.001, see Seebacher et al. [41] for details of
analysis). We converted these energetic data to the amount
of zooplankton, the dominant food of zebrafish [42], that indi-
viduals of average mass (0.5 g) would need to eat to recover
the energy spent on movement (assuming 2.3Jmg ' zoo-
plankton [43]). The fish with the highest cost of transport
would need to consume an extra 1.5-2% of its own body
mass in zooplankton compared with the fish with the lowest
cost of transport after 1h of moving at the same speed
(figure 2). These data serve to demonstrate that physiological
differences between individuals can translate into differences
in ecological and behavioural costs, which can change with
environmental variability and may lead to fission.
Inter-individual differences in intrinsic muscle functions
that underlie locomotion can also translate into differences
in fatigue resistance [44,45], and may force individuals with
low fatigue resistance to separate from the group. Muscle
contraction and relaxation are powered by the hydrolysation
of ATP [46], so that locomotion can be closely associated with
energy metabolism. Individual variation in metabolism,
including metabolic demand (cost of transport) and maximal
aerobic capacity, can thereby determine fission and fusion of
groups, and lead to passive or active sorting of social groups
according to physiological traits. As a result, individuals with
similar phenotypes may cluster within groups. Alternatively,
groups may segregate and fuse into new groups composed of

individuals with similar physiological phenotypes, and these
relationships are discussed further in this issue [30]. As a con-
sequence, gene flow within populations can be non-random
if reproductive events increase with proximity between indi-
viduals, and ultimately populations may diverge genetically.

Inter-individual differences in locomotor capacity within
groups can also be caused by external influences. For
example, new work presented in this issue shows that preda-
tion by sailfish (Istiophorus platypterus) on schools of sardines
(Sardinella aurita) caused injury to individual sardines as a
result of contact with the sailfish bill [47]. Injured sardines
had reduced tailbeat frequencies and lower relative swim-
ming speeds. As a consequence, the spatial composition of
the school changed and injured fish were predominantly
located at the rear and periphery of the shoal. The position
of individuals within groups can determine the energetic
cost of travelling within the group [48-50], and fish with
lower maximum metabolic rates and metabolic scope can
be found near the rear of the school [51].

One extreme example of animal movement is bird
migration, where minimizing energetic cost of flight is essen-
tial for arrival at the destination [52,53], so that it is closely
related to fitness [54]. Many bird species migrate seasonally
because of temporarily changing resource availability and cli-
mate. Examples of long migrations include the bar-tailed
godwit (Limosa lapponica) and sooty shearwaters (Puffinus
griseus), which cross the Pacific to fly between New Zealand
and Alaska [55,56]. Bird migration often involves changes in
social organization in the lead up to, or during migration. For
example, species that are territorial in their breeding grounds
form large groups during migration. Interestingly, the strat-
egy birds adopt to reduce energetic cost during migration
also dictates social organization. Two major strategies are
the use of thermal uplifts for soaring—gliding migration, or
the formation of V-shaped echelons [54]. Similar to the inter-
mittent locomotion in tuna, the advantage of soaring—gliding
travel is that flapping flight is minimized by exploiting ther-
mal uplifts [49,57]. As a result, large aggregations of birds
often form, particularly in areas with favourable soaring con-
ditions. A disadvantage of soaring—gliding migration is that
the migratory path is dictated by the occurrence of thermal
uplifts, so that the migratory route and the duration of
migration are less predictable [58]. Migration in V-shaped for-
mation, on the other hand, can lead to reductions in the cost
of flapping flight as a result of the aerodynamic advantages
of flying in the wake of preceding birds [49,57], which is simi-
lar to the hydrodynamic advantage of swimming in fish
schools [50,59]. In contrast with soaring—gliding migration,
V-shaped echelons lead to the formation of small and stable
groups. New data presented here show that in bald ibis
(Geronticus eremita), V-shaped echelons are maintained and
the energetic advantage is distributed across the group
because individuals reciprocally swap between the energeti-
cally disadvantageous leading position and energetically
advantageous trailing positions [54]. Energetic considerations
can therefore determine interactions between individuals
within the group and their spatial position. The energetic
advantages of flying in a group are not universal, and may
be restricted to relatively large species. Pigeons (Columba
livia), for example, do not gain an energetic advantage from
flying in a cluster with conspecifics [60]. Energetic costs
may even increase by flying in a cluster, because flap fre-
quency increases when flying close behind another bird as

LEZ09LOT :TLE g 205 Y "suvi] fiyd  Bio'buiysijgndiraposiedor giss H



,-\
Q
N
—_

S
=

201 80 5 18°C
T
on
o =
> 15 by 60
BT 9 =
jogp =
£ 2104 0 2 40 -
o & s
EE 8 &
5 548 2 20 -
s (]
: |8
0 +—r—7— 0
18 24 30 0 20 40
temperature (°C) time (min)

—~
o
~

- 18
- 15
- 12
- 9
- 6
3

0
60 0 20 40 60
time (min)

zooplankton fish™! (mg)
energy used (J g!)
zooplankton fish™! (mg)

Figure 2. Differential energetic costs of transport between individual zebrafish (D. rerio). We used previously published data (from Seebacher et al. [41]) to show
that the cost of transport (integrated across speeds from 0 to 0.35 m sTTinWw kgf1 within each individual; see Seebacher et al. [41] for methods) varies con-
siderably among individuals within groups and across different temperatures (n = 15 fish at each of 18, 24 and 30°C); (a) we used these data to determine
individual variation in the energetic cost (J g~ wet mass; b, ¢, left y-axis) of moving at a slow speed (0.05 ms™ ' or approx). 1-2 body lengths s~ ') for
1h (each line represents one animal). The energetic cost of moving for 60 min increased significantly with increasing temperature from 18°C (b) to 30°C (c;
data for 24°C not shown). We expressed energetic cost as the quantity of zooplankton an average-sized (0.5 g) fish would need to eat to recover the energy
used for movement (right y-axis). After 1 h of moving together, the fish with the highest cost of transport would need to consume up to 10 mg more zooplankton
(approx. 2% of body mass at 30°C) than the fish with the lowest cost of transport. Ultimately, these differences in energetic cost of movement may lead to fission of schools.

a result of aerodynamic interactions [60]. Interestingly, new
data in this issue demonstrate that personality of individuals
can affect movement patterns and energy expenditure. Neo-
philic pigeons (C. livia) chose more efficient flight routes,
and presumably incurred lower energetic costs, than neopho-
bic conspecifics [61]. However, neophilia did not lead to
dominance within the social hierarchy [61], so that the
energy saving during flight may be counterbalanced by
decreased access to resources.

(b) Environmental impacts: hypoxia and nutrition
In addition to predation and other biotic interactions, the phys-
ical environment, such as temperature and aquatic oxygen
availability, can influence fission and fusion events. Tempera-
ture has a direct effect on muscle function and locomotion
[62], but it also increases organisms’ oxygen use and reduces
oxygen solubility in water. Hence, the combination of global
warming and increased eutrophication resulting from human
activity is likely to increase the extent of hypoxia in aquatic eco-
systems [63-65]. Fish have a number of physiological responses
to hypoxia [50,66]. However, long-term hypoxia will decrease
scope for activity by decreasing maximal metabolic rates,
thereby limiting locomotor performance. Fish may become
less active in response to hypoxia to conserve energy, or
become more active to seek out more favourable environments,
as reviewed in this issue [50]. Differences in activity are related
to differences in metabolism between individuals [67], and
these inter-individual differences could lead to fission of a
school if responses to hypoxia override schooling behaviour.
The distance between individuals within schools also increases
in response to hypoxia, so that each fish experiences greater
oxygen supply. However, there are trade-offs associated with
these school-level responses to hypoxia because hydrodynamic
advantages that reduce energetic costs as a result of swimming
in the wake of the preceding fish [68] decrease in less compact
schools, and less compact schools are also less effective in
performing anti-predator manoeuvres [50].

Schools of fish themselves create hypoxic environments,
and fish at the rear of the school are more likely to experience
hypoxia as a result of the oxygen consumption of fish at the

front. Hence, spatial position within schools determines
exposure to hypoxia and this can lead to fission of the
school if fish towards the rear segregate to avoid hypoxic
conditions created by the front of the school [50]. There
exists, therefore, an upper size limit for schools of fish
beyond which the benefits of group membership decrease.

Similar to hypoxia responses in fish schools, there are
optimal group sizes that are dictated by foraging and nutrient
availability. Animals often trade-off group cohesion with
individual nutritional requirements [13,69-71]. The spatial
distribution of food determines the effort necessary to achieve
nutritional balance, which can thereby also impact group
cohesion. A new spatially explicit model of foraging beha-
viour in socially interacting individuals presented in this
issue [70] shows that there is a trade-off between individual
nutrition and the collective need of the group, and that the
predictability of the nutritional environment can affect syn-
chronization and cohesion of the group. The increase in
information collected by the group means that individuals
should rely more on social information in uncertain environ-
ments, where food sources are rare or patchy, to enhance
food finding. On the other hand, individual sampling rather
than reliance on social information would be advantageous
in predictable environments, where food is abundant and
scattered evenly, because competition is reduced.

Individual foraging reduces competition for food in social
animals, and this may be particularly important in animals
with high energy demands such as pregnant primates,
reviewed in this issue [71]. For example, group size in
female primates, such as baboons (Papio cynocephalus),
varies to modulate competition as a function of energy
demand and food availability. If food availability is low,
animals can increase time spent on foraging and travel
distance to increase the number of food patches encountered,
but both strategies increase energy demands [13]. Alterna-
tively, individuals can increase the distance to other group
members, which decreases competition but reduces the
benefits of the group. Competition also decreases in smaller
groups. Hence, balancing the trade-offs associated with
energy needs and the quality of the nutritional landscape
on the one hand, and competition on the other can determine
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group cohesion and group size. Competition between groups
in addition to competition between individuals within
groups complicates these dynamics, because smaller groups
are less competitive than larger groups [71]. In primates,
group size equates to group dominance and larger groups
occupy better-quality habitats. For example, a low-ranking
female in a large group experiences similar nutritional and
energy gains to a high ranking female in a small group.
These dynamics determine whether or not individuals
switch between groups, and energy needs of individuals
and the nutritional quality of the habitat thereby cause fission
and fusion of groups [71,72].

(c) Neuroendocrine signalling and information
processing

The relationships discussed above can be viewed in terms of
allostasis [73,74]. The allostatic state is regulated by hormones
and neural signalling systems in response to changing
requirements such as those resulting from reproduction or
seasonality. An allostatic load occurs in response to an unpre-
dictable event, and if the energetic and nutritional demands
necessary to restore homeostasis exceed supply an individual
experiences allostatic overload. Group size and composition
would determine allostatic state and load in the context of
competition and energetic needs, so that endocrine signalling
and neural responses become central to the interactions
between group-living animals and, ultimately, their fitness
[71,75-77]. Animals within groups often interact non-
randomly with each other, and their relations with each
other may be described by social networks [1]. The social
network structure captures direct and indirect interactions
between individuals, which may be related to animal person-
ality [78], and which have pronounced consequences for
ecology and evolution [3]. For example, social network struc-
ture in non-breeding long-tailed tits (Aegithalos caudatus) was
determined by kinship, and social network structure during
the non-breeding season influenced reproductive patterns
during the breeding season [79]. Sociality depends on infor-
mation processing by individuals, which is essential for the
coordination of the group as a whole and to form more or
less complex relationships between members of the group.
Group size may be limited by the information processing
capacity of individuals, which is linked to cognitive capacity
and brain function [80]. Within groups, individuals must
compromise between their own interests and those of the
group, which relies on processing information related to
other group members and the environment. The complexity
of information, and the necessary processing capacity,
increase as group size increases, so that the evolution of
brain capacity may be intrinsically linked to the evolution
of social complexity [81,82]. Ultimately, this problem of
coordination may be solved and total group size may be
increased by forming several smaller groups with stronger
bonds within the one larger group. In this case, and as dis-
cussed in this issue, each individual would maintain
complex relationships with a small number of conspecifics,
and a larger number of relatively loose relationships that
require less information processing [82]. Note, however,
that the relationship between brain capacity and group size
did not hold for birds, and it may be that this relationship
does not exist for non-competitive groups that form for
cooperative advantages [83].

There is an intrinsic link between information processing
and the endocrine system in mediating responses of animals
to environmental stimuli. This link is particularly pro-
nounced in stressful situations. The brain coordinates stress
responses, from perception of stressful states and events to
mediating responses via the neural and endocrine systems
[75]. Often, “stress’ is chronic and represents the accumulation
of daily challenging or stressful situations, which together
represent an allostatic load. In response, the brain commu-
nicates with physiological systems, thereby eliciting a
compensatory response to promote allostasis [75]. The acute
response to a stressor is the autonomically mediated ‘fight
or flight” response, which is necessary to survive immediate
threats. However, many environmental changes represent
challenges that require more chronic phenotypic responses
to adjust behaviour to novel contexts, particularly within
social systems [84,85]. Interestingly, exposure to stress early
in life can influence the ability of individuals to interact in
social networks later, and these responses are mediated by
the way the hypothalamic—pituitary—adrenal (HPA) axis is
regulated within the brain [85]. The HPA axis affects the
action of nonapeptides, which are a group of hormones that
are closely linked to social behaviour [77,85].

Social behaviours, such as aggression in an attempt to
achieve higher rank, are characteristic of many animals living
in social groups. Sociality and aggression are complementary
behavioural dimensions and may be regulated by the same
neural systems [86]. Additionally, social groups are rarely
stable because the context of the group changes frequently.
For example, and as briefly outlined above, the trade-offs
inherent in fulfilling nutritional demands in different environ-
ments affect cohesion and group size. Other environmental
changes such as seasonality and intruders, as well as life-
history characteristics such as pregnancy and age structure,
impact on group dynamics and optimal group sizes. Hence,
individuals need to respond rapidly to adjust their phenotype
to the changing contexts of the group. Such ‘activational plas-
ticity’ [84] is important both for individuals and the group to
function in variable environments. A review in this issue
summarizes how endocrine and neuroendocrine mechanisms
mediate these rapid phenotypic responses to environmental
changes [77]. Nonapeptides and steroid hormones are particu-
larly important mechanisms that enable rapid changes in
behavioural phenotype in response to environmental stimuli
[77,87]. Nonapeptides are produced by the limbic system
and include vasotocin, vasopressin and oxytocin (isotocin in
fish). Nonapeptides modulate sociality, aggression and stress
responses, and may mediate a fast and focused response to
an external stimulus, as well as a slower, more diffuse
response that maintains a more stable phenotype [77]. Steroid
hormones such as glucocorticoids are generally slower-acting
and mediate longer-lasting responses than nonapeptides. Glu-
cocorticoids may have genomic and non-genomic actions that
adjust social and aggressive behaviour, and may also act as
central regulators of nonapeptides. In stressful situations, glu-
cocorticoids can reduce expression of affiliative behaviours
leading to a weakening of social bonds [88], which can
adjust social behaviour permanently [77] and possibly trigger
fission events.

Individual responses within groups are often reactionary
in response to external stimuli or to the behaviour of other
individuals. However, effective group function and cohesion
also require predictions of the internal state of other
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members. Social behaviour is closely tied to brain structures
that are important in processing emotions [89]. Perception
of stimuli in the sensory cortices is processed and associated
with an emotional response in the amygdala among other
brain regions. This information is then used by the higher
cortical regions to construct an internal model of the social
environment, including the relationship between ‘self’ and
‘other” individuals [89]. The experience of interacting with
others stimulates the internal reward system, thereby
encouraging further interactions and sociality as reviewed
in this issue [90]. Failure to evaluate socially relevant infor-
mation correctly limits social interactions, which is seen, for
example, in autism [90]. Hence, group cohesion relies
on the perception and appropriate processing of signals
from conspecifics.

2. Conclusion

The size and composition of groups are of fundamental
importance in determining movement of animals across
their environment and for spreading genetic and cultural
information. Hence, sociality is at the core of the ecology
and evolution of many species [4]. Fission of groups may
decrease the benefits associated with group membership,
such as protection from predators. On the other hand, smaller
group sizes may also decrease competition and therefore
increase access to resources. We suggested here that physio-
logical capacities and physiological differences between
individuals modify social behaviour and group dynamics.

Hence, physiology acts as a filter between evolutionary and
developmental processes and their adaptive consequences
for social groups (figure 1). The environment impacts physi-
ology directly, and it can thereby have secondary effects on
fission—fusion dynamics and group sizes. Fission—fusion
events may also sort individuals to form groups according
to particular physiological traits, and the resulting altered
patterns of gene flow may feed back to the evolution of phys-
iological traits. Many, if not all physiological systems are
mechanistically linked, and therefore have synergistic effects
on social behaviour. A challenge for the future lies in under-
standing these interactive effects, which will improve
understanding of group dynamics, particularly in changing
environments. Physiology links behaviour to the abiotic,
nutritional and cognitive environments. Every aspect of
these environments is changing at a dramatic rate, driven
by factors such as epidemiology of human disease, range
shifts of food species, habitat modification and global warm-
ing. Considering the importance of physiological interactions
in group dynamics will, therefore, increase understanding of
sociality itself, as well as the impact of environmental change
on social species.
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