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Abstract

Typically, animals spend a considerable portion of their time with social

interactions involving mates, offspring, competitors and group members.

The social performance during these interactions can strongly depend on

the social environment individuals have experienced early in life. Despite

a considerable number of experiments investigating long-term effects of

the early social environment, our understanding of the behavioural

mechanisms mediating these effects is still limited, mainly for two rea-

sons. (1) Only in few experimental studies have researchers actually

observed and quantified the behaviour of their study animals during the

social treatment. (2) Even if differences in social interactions between

social rearing treatments are reported, these differences might not be cau-

sally linked to any observed long-term effects later in life. The aim of this

review was to investigate whether behavioural records of animals during

the experimental manipulation of their social environment can help (1)

identifying behavioural mechanisms involved in a long-term effect and

(2) obtaining a better understanding of the long-term consequences of

early manipulations. First, I review studies that manipulated the social

environment at an early stage of the ontogeny, observed the social inter-

actions and behaviour during the social experience phase and subse-

quently tested the performance in social and non-social behavioural

tasks at a later life stage. In all reviewed studies, treatment differences

were reported both in social interactions during the social experience

phase and in social and/or non-social behaviours later in life. Second, I

discuss four classes of behavioural mechanisms that can cause the

reported long-term effects of social experience, namely learning by expe-

rience, social learning, sensory stimulation and social cueing. I conclude

that social interactions during the social experience phase should always

be recorded for at least two reasons. Knowledge about how the social

interactions differ between rearing treatments (1) permits researchers to

formulate hypotheses about candidate mechanisms causing long-term

effects on behaviour and (2) can help to interpret unexpected outcomes

of developmental experiments. Finally, I propose that as a crucial ulti-

mate step towards understanding effects of the early social environment,

we should develop targeted experiments testing for the causality of iden-

tified candidate mechanism.
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Introduction

Developmental plasticity refers to the ability of indi-

viduals to alter their phenotypic development in

response to environmental triggers perceived during

ontogeny. It is a powerful mechanism allowing indi-

viduals to flexibly adapt to current or anticipated

environmental conditions. Often developmental

plasticity is irreversible (Piersma & Drent 2003; West-

Eberhard 2003), and it should therefore only be

selected for if phenotypic adjustments made early in

life provide net fitness benefits over the entire life-

span. The environmental-matching hypothesis pro-

poses that developmental plasticity should maximize

fitness in adult environmental conditions rather than

at the time when the plastic adjustment is made (e.g.

West-Eberhard 2003; Monaghan 2008). These future

conditions can be anticipated by the developing

organism through parental effects or own direct

observations of the early environment (e.g. Uller

2008; Kasumovic 2013; Groothuis & Taborsky 2015).

Such ‘anticipatory plasticity’ can only be beneficial if

the future conditions can be reliably predicted (Fi-

scher et al. 2011; Shea et al. 2011; Burgess & Mar-

shall 2014). While the vast majority of developmental

plasticity research to date has targeted morphological,

physiological and life-history traits in plants and ani-

mals (West-Eberhard 2003), the interest in this field is

now rapidly increasing also among behavioural biolo-

gists (for example, see special issue on behavioural

plasticity; Foster 2013). Many animals spend a consid-

erable portion of their time interacting socially either

with mates, offspring, competitors or group members.

It is therefore appropriate that many studies on beha-

vioural development focus on the role of the early

social environment in shaping the adult social beha-

viour (e.g. reviewed in Kasumovic & Brooks 2011;

Taborsky & Oliveira 2012; Creel et al. 2013).

Nevertheless, our understanding of the behavioural

mechanisms mediating long-term effects of the early

social environment is surprisingly poor. We seem to

know much more about gene networks or neuroen-

docrine pathways mediating effects of the social envi-

ronment during development (see Champagne &

Curley 2005; Meaney & Szyf 2005; Champagne 2010;

Groothuis & Maestripieri 2013; Sachser et al. 2013;

Taborsky & Taborsky 2015; for reviews) than we

know about the role of social interactions experienced

during early life that might trigger these effects. There

are at least two important reasons for this gap in our

knowledge. (1) There is a remarkable lack of experi-

mental studies in which researchers actually observe

and quantify the behaviour of their study animals

during the social treatment, so that social triggers

inducing phenotypic effects will go unnoticed. (2)

Even if social interactions during the social experience

phase are recorded and if we detect systematic differ-

ences between the social treatments, we can never be

sure whether these differences are indeed causally

linked to the detected long-term effects on later

performance or if they just covary with other,

unmeasured causal factors. Experimental manipula-

tions of suspected candidate behaviours, such as the

simulation of the amount of tactile stimulation

received by pups (Hellstrom et al. 2012) to explain

the reprogramming of the stress axis in rats, are neces-

sary to pin down the behavioural mechanisms.

In general, the possible behavioural mediators of

early social environment effects can be broadly

divided into two types. (1) Visual, chemical, acoustic

or tactile cues providing information about key popu-

lation parameters such as density, age and size struc-

ture or sex ratio. These are perceived by animals

during their development and enable them to antici-

pate future conditions (‘Social Cueing’, see Kasumo-

vic & Brooks 2011). Social cueing does not require

social interactions. (2) Variation in early-life social

interactions, such as variation in the quantity, quality

and diversity of social interactions and relationships of

individuals. Both types of social mediators can jointly

influence the development of behaviour. Social cue-

ing, such as olfactory information about the presence

of same-sex conspecifics as predictor of future repro-

ductive competition, will often provide sufficient

information on prospects for future growth, survival

and reproductive opportunities to allow making

informed life-history allocation decisions (Kasumovic

& Brooks 2011). Direct social interactions should be

more important for fine-tuning the expression of

appropriate social behaviour, and for acquiring social

skills. Detailed information on the relative strength of

an individual in relation to others within a population

or the own position within a hierarchy can best be

extracted during direct encounters with conspecifics.

Moreover multiple and diverse interactions can help

individuals to learn from experience how to respond

adequately to social challenges and to acquire a better

social competence (Taborsky & Oliveira 2012).

The use of social cues obtained at an early-life stage

to predict the social conditions present at a later life

stage (‘socially cued anticipatory plasticity’ or ‘SCAP’)

has been recently comprehensively reviewed in the

context of adult reproductive decisions (Kasumovic &

Brooks 2011). Below, I briefly subsume the essence of

this research. The main aim of this review was, how-

ever, to evaluate the role social interactions during
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early ontogeny may play in the development of long-

term differences of social behaviour in addition to ‘re-

motely sensed’ SCAP. By this, I aim to highlight the

importance of behavioural observations conducted in

developmental experiments not only after, but also

during the phase when the study animals obtain their

social experience. I refer only to experimental studies,

as in observational studies it is almost impossible to

distinguish between the many candidates of beha-

vioural and ecological factors potentially responsible

for an observed long-term effect. Remarkably few

experimental studies manipulating the early social

environment actually did report social behaviour and

interactions during the treatment phase (Table 1). For

obvious reasons, this review excludes the many

developmental studies comparing socially reared ani-

mals with animals reared in isolation or by surrogate

parents, or in which the social partner was temporally

removed (reviewed in Kosten et al. 2012), as in these

studies in at least one treatment no social interactions

with conspecifics could occur. Studies in which one

treatment consisted of handling by humans were

excluded for the same reason.

Social Cueing

Animals can assess certain characteristics of their

social environment, such as sex ratio, density, avail-

ability of suitable mating partners or presence and

strength of competitors without necessarily engaging

in social interactions with conspecifics. They can do so

simply by eavesdropping on cues emitted by con-

specifics. For instance, density and sex ratio may be

indicated by the frequencies of seeing, smelling or

hearing conspecifics. Likewise, the quality of potential

opponents or mates can be evaluated remotely if the

latter produce reliable signals. For example, in crickets

(Telogryllus commodus), calling rate is an honest signal

of male quality that can be perceived and used by

juveniles to assess the expected strength of intrasex-

ual competition in the future (Bentsen et al. 2006).

Such social cues obtained sufficiently early during

ontogeny can bias development towards certain life-

history trajectories. They can be adaptive, if the future

social environment is predictable by the social cues.

This form of plasticity, referred to as ‘SCAP’, has been

recently reviewed in the context of mating strategies

(Kasumovic & Brooks 2011). Most examples compiled

in this review deal with terrestrial invertebrates,

mainly in insects and spiders. As a general pattern,

this review revealed that when social cues predict low

adult intrasexual competition, males develop faster

and mature earlier but smaller and lighter, whereas

the opposite suite of traits is expressed when cues of

high-quality conspecifics are present during onto-

geny. In contrast, females mature more quickly when

during ontogeny cues predict that high-quality mates

will be available.

Cues on the future social environment can already

be obtained before birth through intrauterine position

effects (Ryan & Vandenbergh 2002) or through

prenatal parental effects. Mothers can provide infor-

mation to offspring on future environmental risk or

resource shortage, either by depositing steroid hor-

mones in the egg yolk (Groothuis & Schwabl 2008;

McCormick 2009) or by providing them via the pla-

cental stream (Kaiser & Sachser 2005). However, the

transmission of social information to offspring before

birth does not necessarily reflect a maternal strategy

to optimize offspring performance. If mothers are

exposed to ambient social stressors and thus have

higher fluctuating glucocorticoid levels they may sig-

nal own stress levels inadvertently to offspring, an

effect that is mediated by the increased glucocorticoid

levels of stressed mothers (reviewed in Love et al.

2013).

Experimental evidence suggests that the different

life-history trajectories pursued in response to early-

life social cues help offspring to cope with the specific

environment predicted by these cues (environmental

matching). In redback spiders (Latrodectus hasselti), lar-

ger males are superior competitors in direct contests

with other males over access to female mating part-

ners, which results in positive selection for male size.

However, when reared in the presence of high

female-densities, redback spider males matured faster

and at smaller sizes than males growing up in high

male densities (Kasumovic & Andrade 2009). Thus,

the female-biased early sex ratio led to a reversal of

the direction of sexual selection on male size. In sub-

sequent mating performance tests, large males always

performed better when directly competing with small

males for females, whereas small males outperformed

large males when given a 1-d head start before com-

petition with large males sets in, that is, a condition

simulating the faster development of small males

(Kasumovic & Andrade 2009).

The expressed social behaviour can give rise to such

context-dependent fitness differences in matching vs.

non-matching environments, which can be shown by

experiments exposing adult individuals reciprocally to

each of two rearing conditions. For instance, zebra

finch males were kept during adolescence (i.e. the

experience phase) either in the company of a female

(pair rearing), of another male, or of a group of males

and females (group rearing), simulating an environ-
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ment with a very low vs. a high density (Ruploh et al.

2013, 2014). After reaching adulthood, when con-

fronted with a single unfamiliar female, pair-reared

males were more aggressive towards other males, and

they were more attractive for females than group

reared individuals (Ruploh et al. 2013). Conversely,

when an adult male was placed in a larger mixed-sex

group of unfamiliar zebra finches, group reared males

had an advantage as they integrated better in the

group. No treatment differences in courtship and

aggressive behaviour were present in the group

setting (Ruploh et al. 2014). The effects on social

behaviour reported in this study may have been

caused by perceived cues of the population composi-

tion, such as population density, the number of same-

sex competitors and/or the number of available

mating partners. Alternatively, the effects may have

been induced by a higher number of social interac-

tions, a larger social interaction network or more

diverse social interactions experienced when reared in

groups compared to the pair-reared condition. As

behavioural observations during the social rearing

treatment are lacking, these alternatives cannot be

distinguished. In the main part of this review, I will

focus on studies in which behavioural records of focal

animals during the social experience treatments are

available.

Manipulating the Nature of Social Interactions

Developmental experiments that manipulate the early

social environment typically alter the level of social

complexity, where a higher social complexity is

defined here as a greater quantity, a higher quality or a

greater diversity of encountered social interactions.

Thus, a higher social complexity during development

always involves some form of social enrichment. Typi-

cal sources of higher social complexity include the

quantity and quality of parental care (Bateson 1994),

group size and the diversity of group members (e.g.

groups contain different social hierarchy levels, sexes,

populations or age classes).

In general, social complexity can be manipulated in

two ways, (1) by an unspecific manipulation, for

example by generating environments generally allow-

ing for more or more intensive social interactions of a

certain type, such as mother–offspring interactions or

interactions between siblings (peer-to-peer interac-

tions), or (2) by specific manipulations of the composi-

tion of social groups that lead to a greater diversity of

possible interactions, such as by adding types of social

partners that are absent in the respective control treat-

ments (e.g. rearing in mixed- vs. single-sex litters).

The research questions tackled by experiments varying

the social environment broadly reflect the divide

between unspecific and specific manipulations as out-

lined above. (1) Unspecific manipulations of social

complexity serve to search for any kind of early envi-

ronment effects, and typically, they test for a broad

array of long-term effects on social behaviour, emo-

tions and/or cognitive abilities (e.g. Gracceva et al.

2009). (2) Studies manipulating the composition of

rearing groups often start with a specific hypothesis

about the expected effect of their manipulations and

only test for this particular effect later in life. Below

and in Table 1, I summarize the main findings of stud-

ies performing unspecific or specific manipulations of

social complexity. Remarkably, there seems to be a

taxonomic bias in the way how early social experience

is considered to affect later social behaviour and life-

history decisions. While social cueing without direct

social interactions has been considered predominantly

in invertebrate species (see above), experiments

reporting treatment effects of manipulated social inter-

actions during the social experience phase appear to be

done almost exclusively in vertebrates. Although there

are notable exceptions, such as a study on colony-level

aggressiveness experienced during larval stage on

adult individual aggressiveness of honey bees

(Rittschof et al. 2015), these studies did not report the

interactions during the experience phase and thus

cannot infer underlying mechanisms. Therefore,

Table 1 exhibits an obvious taxonomic bias towards

examples of mammals, birds and fish. Whether this

bias reflects a tendency to study early social interac-

tions preferentially in vertebrate species or if they play

a minor role in the development of invertebrate social

behaviour warrants further investigation.

Quantity of Social Interactions

Long-term alterations of social behaviour in response

to the observed quantity of social interactions have

been particularly intensively studied in two model

systems: Nelamprologus pulcher, a cooperatively breed-

ing cichlid fish from Lake Tanganyika, and commu-

nally breeding laboratory strains of house mice, Mus

musculus.

Nelamprologus pulcher breed in social groups of three

to 25 members structured by a linear, size-dependent

dominance hierarchy. Related and unrelated subordi-

nate individuals help a dominant breeder pair rearing

their offspring. Several experiments tested for effects

of varying social complexity of the rearing environ-

ment on the development of social competence

(Arnold & Taborsky 2010; Taborsky et al. 2012;
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Fischer et al. 2015). Social complexity was manipu-

lated by either rearing the fish in groups without

(young siblings only) or with age structure (parents,

helpers and young siblings), or in small (parents plus

one helper) vs. large groups (parents plus many help-

ers). Behavioural recordings during the social experi-

ence phase revealed that these manipulations caused

an increase of the quantity of peer-to-peer interac-

tions (Arnold & Taborsky 2010; Fischer et al. 2015).

In contrast, direct interactions between young and

older group members were not observed and thus

cannot explain long-term effects on social behaviour

(Arnold & Taborsky 2010). A series of different social

challenge tests after the end of the social experience

in juvenile and adult fish revealed that fish reared in

the social environment with higher complexity were

better able to cope with social conflicts and had a bet-

ter outcome of social encounters (Table 1), that is,

they had achieved a better social competence

(Taborsky & Oliveira 2012).

The quantity of interactions has also been varied in

laboratory mice, by rearing pups either with a single

mother or in communal nests. Communal breeding,

where several females jointly rear their pups in a

common nest, increases social complexity in a num-

ber of different ways (Table 1): by increasing the

amount of mother–infant contacts, the time young

are attended by adults in the nest, the number of

peer-to-peer interactions and the presence of peers of

different ages as not all litters are produced simultane-

ously. It is difficult to disentangle which of these fac-

tors affect behavioural traits in pups. Correlation

analyses suggest, however, that more mother–infant
interactions favour more appropriate behaviour of off-

spring later in life during social hierarchy contests. In

contrast, a higher amount of peer-to-peer interactions

correlated positively with the expression of more affil-

iative behaviour after the social hierarchy was settled

(Branchi et al. 2013a). Overall, communally reared

male and female mice tended to display better social

skills in an array of challenge tests, and females were

better brood carers. One study found reduced mater-

nal care by communally reared females, however

(Gracceva et al. 2009), but this study investigated

‘maternal’ care for foreign pups only. Observations on

interactions during the rearing phase comparing com-

munally and singly nursing females to date only exist

from laboratory strains of mice (Table 1), but not from

wild-type house mice under natural conditions. Thus,

it is as yet unknown whether the highly elevated

numbers of social interactions observed in communal

mice groups kept in the laboratory reflect the social

conditions occurring in the wild.

Quality of Social Interactions

While the above examples focussed on effects of

interaction frequency, it is likely that the quality or

intensity of social interactions can also exert strong

and lasting influences on social behaviour. This is

particularly expected when certain individuals

repeatedly interact and thus build up social relation-

ships (Weaver et al. 2004). For example, there is

considerable natural variation in the quality of nurs-

ing and tactile pup stimulation in rodent mothers,

which is independent of the total time they have

direct contact to their pups (Meaney 2001). The so-

called arched-back nursing (ABN) requires an active

and most likely energy-consuming maintenance of a

bent body position of the mother, which allows full

and flexible access of pups to nipples. More relaxed

nursing positions are less favourable for the pups. In

rats, mothers performing more ABN also lick and

groom (LG) their pups more often. Offspring of

mothers providing high-quality maternal care, also

referred to as ‘high LG-ABN’ mothers, express a

lifelong reduced stress reactivity as compared to off-

spring from ‘low LG-ABN’ mothers. Most impor-

tantly, when adult they become high LG-ABN

mothers themselves, thereby transmitting the envi-

ronmental effect of their own early care experience

to the next generation (Francis et al. 1999; Cham-

pagne & Meaney 2007). Cross-fostering experiments

between high and low LG-ABN females showed that

the long-term effects of care quality are induced by

the pups’ environmental experience during their first

8 d of life. The long-term alterations in physiology

and behaviour are induced and maintained by epige-

netic reprogramming of the hypothalamic–pituitary–
adrenal (HPA) axis (Meaney & Szyf 2005).

Natural variation in the quality of mother–infant
relationships can influence later social behaviour also

in primates. In rhesus monkey, some mothers show

particularly poor care or even ‘abusive’ behaviour

towards offspring: they frequently reject contacts by

infants, or they even drop them or step on them.

Female monkeys that had been exposed to abusive

maternal care when young developed a significantly

stronger interest in infants of other females during the

juvenile stage than did monkeys reared by normally

behaving mothers. This may indicate an advancement

of pubertal behaviour (Maestripieri 2005a), although

maternal care quality did not influence age at first

conception. Cross-fostering experiments confirmed

that the stronger interest in infants was environmen-

tally induced by the poor maternal care quality. Like

the rat study outlined above, the differences in mater-
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nal care behaviour were transmitted to the next gen-

eration, as abusively treated females tended to

become abusive mothers themselves (Maestripieri

2005b).

The most straightforward approach to explore the

role of social interaction quality would be an

experimental manipulation of the social interactions.

This has been carried out only rarely. A notable

exception is a study in Bobwhite quail manipulating

the responsive behaviour of mothers towards signals

of need by offspring, using behaving dummies. Quail

mother dummies vocalizing towards chicks in

response to the latters’ distress calls induced stronger

filial imprinting in chicks than did dummies produc-

ing identical calls at the same rate that were emitted

randomly (Harshaw & Lickliter 2007), indicating that

not only quantity and quality of social behaviour mat-

ters for long-term developmental effects, but also the

behaviour must also be shown in the right context.

Diversity of Interactions

To manipulate the diversity of early social interac-

tions, focal individuals are typically exposed to types

of social partners that are absent in the respective con-

trol treatments. Exposure to, for instance, social part-

ners of the opposite sex, different age classes, different

breeding strains or populations creates opportunities

for a more diverse array of social interactions than is

available in socially more homogeneous rearing envi-

ronments. Adding a specific type of social partners

experimentally allows developing and testing specific

hypotheses about the expected effects of these manip-

ulations. For example, zebra finches reared in the

presence of both adult females and males were

expected to differentiate better between sexes as

adults than birds reared with adult females only.

Indeed, both male and female offspring of mixed-sex

colonies expressed a stronger preference for opposite

sex mating partners during adulthood than did

finches reared in single-sex colonies (Adkins-Regan &

Krakauer 2000).

A frequent manipulation to increase the diversity of

interactions involves rearing young in either single-

sex or mixed-sex litters (Benus & Henkelmann 1998;

Laviola & Terranova 1998). During the social experi-

ence phase, mice reared in mixed-sex litters expressed

a higher explorative tendency, received more mater-

nal care but had less contacts with their litter mates

(Table 1). After the experience phase, mice from

mixed-sex litters were more aggressive towards unfa-

miliar mice (except adult males, Benus & Henkel-

mann 1998) and females showed shorter latencies to

retrieve pups that had been removed from the nest

(Table 1).

Another way to enrich the social environment is to

manipulate the age structure of groups. In cowbirds

(Molothrus ater), the effects of mixed vs. single age

classes were tested both in adult and in juvenile birds.

Adult birds placed in mixed-age groups showed more

courtship and mating related activities during the

experience phase, while in juveniles, this treatment

mainly affected courtship and song patterns. It was

predicted that the mixed-age conditions will improve

the later-life performance of males when directly

competing for female mating partners. This hypothe-

sis was confirmed only for males that got the social

experience when they were already sexually mature,

while a lower performance in this situation was

observed in males that had been exposed to mixed-

age flocks as juveniles (White et al. 2002a,b, 2010).

A similar hypothesis was tested in guppies, where it

had been predicted that the presence of adult males

and females during rearing would increase the com-

petence to obtain matings later in life. However, no

effect of group composition was detected on mating

behaviour and success (Magellan & Magurran 2009).

Interestingly, another study in guppies used adult

conspecifics to simulate predation risk to larvae and

fry (Chapman et al. 2008a), although the adult gup-

pies might as well also have been part of the social

environment. Fish exposed to adults developed better

escape abilities, but their shoaling tendency was unaf-

fected.

Effects of Social Complexity on Non-Social Behaviour

The manipulation of social interactions during onto-

geny can also affect non-social behaviours, including

general activity, anxiety induced behaviour,

explorative tendencies and spatial learning ability

(Table 1). Interestingly, different forms of social

enrichment can induce different directions of out-

comes regarding these behaviours. While commu-

nally reared mice were more resilient to social stress,

they did not differ from single-mother reared pups in

their response to physical stress, anxiety level or spatial

learning performance (Branchi et al. 2013b). In con-

trast, in rats, a higher amount (Macri et al. 2010) and

a higher quality (Liu et al. 2000) of received maternal

care was related to reduced anxiety and to a better

spatial learning performance later in life. Also in mice,

being reared in mixed-sex litters resulted in reduced

anxiety and neophobia and higher explorativeness

compared to mice from single-sex litters (Benus &

Henkelmann 1998).
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Long-Term Behavioural Effects Induced by the Early

Social Environment

Table 1 reviews the results of 52 social and non-social

behavioural challenge tests done after an experimen-

tal variation of early social experience. In 92% of the

36 social challenge tests, the social performance later

in life was affected by early experience. Of these

effects, 64% revealed that the opportunities for more,

better, or more diverse social experiences increased the

performance in social tasks later in life. This suggests

that enhancing social complexity early in life has

improved the social skills in the majority of cases. In

the other 36%, either there was no change in social

performance or the direction of the effect (positive or

negative) is difficult to evaluate from the information

provided in the respective studies. Early social experi-

ence also affected the behaviour in non-social tasks in

75% of the challenge tests. When interpreting these

figures, one has to take into account a potential

publication bias towards studies that did find effects.

Nevertheless, the figures impressively demonstrate

the importance of early social environment for the

development of social behaviour.

Animals reared in different early social environ-

ments and tested in multiple tasks later in life, such as

N. pulcher and laboratory mice (see Table 1), showed

effects of rearing on multiple social behaviours in

multiple social contexts. This suggests the existence of

a general mechanism acting on the entire social

domain during development, resulting in a better gen-

eral ability to flexibly cope with social challenges (i.e.

social competence, Taborsky & Oliveira 2012).

Possessing a better social competence should generally

be beneficial in all kinds of social encounters across

species. The expected benefits of social competence

are expected to be particularly strong in highly social

species, however, where virtually all behaviours

involved in vital functions such as acquiring and

defending resources, predator evasion and rearing off-

spring usually involve social interactions (Taborsky &

Oliveira 2012). One possible, very general candidate

mechanism that seems to be involved in the develop-

ment of social competence is the reactivity of the ver-

tebrate hormonal stress axis (HPA and HPI axes).

Studies in mammals, birds and fish showed that the

variation of early social complexity affects the expres-

sion of genes involved in the stress axis, with a key

role taken by the expression of glucocorticoid recep-

tors (GR, GR1) and the corticotropin-releasing factor

(Meaney & Szyf 2005; Banerjee et al. 2012; Taborsky

et al. 2013). HPA reactivity is also central to the

adjustment of social behaviour to the social environ-

ment experienced in the adolescent phase in small

rodents (Sachser et al. 2013). Interestingly, all but

one of the non-social tasks reviewed in Table 1 inves-

tigating anxiety or neophobia reported a reduction of

these traits after being reared in a more complex early

social environment. Together with the finding that

more socially complex conditions also increased the

performance in social tasks in the majority of the

cases, this suggests that a reduced anxiety and stress

responsiveness may facilitate the expression of appro-

priate social behaviour and the acquisition of better

social skills. The conclusions drawn from the studies

compiled in Table 1 should be treated as a working

hypotheses only. To test this hypothesis, formal statis-

tical analysis following an exhaustive literature search

would be required.

The Value of Observing Behaviour During Rearing

This review has aimed to check whether obtaining

behavioural records of animals during experimental

exposure to different social experiences in their onto-

geny helps to understand which behavioural mecha-

nisms cause long-term behavioural effects later in life.

The first and most obvious result of all available stud-

ies (Table 1) is that the social interactions between

the focal individuals and their group mates differed

between treatments already during the phase at

which experimental individuals received the experi-

ence. This suggests that some or even most of the

long-term effects may be causally related to treatment

differences in the interactions focal animals experi-

enced early in life, either directly (e.g. by training and

learning), or indirectly because the different interac-

tions trigger divergence in brain development.

Apparently, the benefits of recording behavioural dif-

ferences during the experience phase are at least two-

fold. First, we can generate testable hypotheses about

behavioural mechanisms underlying long-term effects

of social experience, an aspect that is thus far little

understood. Second, we may be able to explain even-

tual unexpected outcomes of experimental manipula-

tions, as they may affect the interactions during the

experience phase in ways not foreseen by the

experimenter.

Possible Behavioural Mechanisms

1 Learning by experience. If early contact to a particular

class of social partners correlates with a better perfor-

mance during interactions within the same social con-

text later in life, it is obvious to assume that learning

by experience occurred during early life. In Oldfield
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mice (Peromyscus polionotis), for instance, the contact

with pups in the subadult stage seems to enable them

to build higher quality nests at the adult stage (Mar-

gulis et al. 2005). Experience in one social context

can also help to learn the expression of adequate

social behaviour in different future social contexts.

N. pulcher offspring that had more social interactions

with their siblings early in life performed better in

tasks testing their performance in different social con-

texts, such as resource defence, integration in a group,

and hierarchy formation (Arnold & Taborsky 2010;

Taborsky et al. 2012; Fischer et al. 2015). In commu-

nally reared laboratory mice the frequency of interac-

tions with other pups was positively related to the

amount of affiliative behaviour shown after social

hierarchies were established (Branchi et al. 2013a).

Thus, frequent social interactions may provide a form

of training that helps animals to cope with different

social situations.

2 Social learning. Young animals may also acquire

social skills by learning from other group members. In

some of the reviewed studies referred to here, social

learning may have taken place. However, social learn-

ing was not explicitly evident from any of the

reported observations, and none of these studies has

tested for this possibility. A study of guppies has pro-

posed, however, that higher densities during rearing

may increase the propensity to learn socially (Chap-

man et al. 2008b).

3 Sensory stimulation. Sensory stimulation by a social

partner can modulate the quality of social interactions

and/or it can act as a social cue. For example, tactile

stimulation is important for a lower stress responsive-

ness in a number of rodents (Champagne & Meaney

2007). This effect can be due to high-quality maternal

care per se, or because high-quality care signals off-

spring that they are in a safe environment: the pres-

ence of foreign males near a nest poses a risk to pups.

In stable conditions, mothers can devote more of their

time to intensive brood care, whereas if a male is

around, she has to leave the pups more often abruptly

to defend the litter against him. Thus, the quality of

received maternal care may provide cues to the devel-

oping offspring about the social environment outside

of the nest and thereby indirectly indicate the

environmental risk and social stability of their future

environment.

4 Social cueing. In addition to individual or social

learning and sensory stimulation, social interactions

will often provide cues also about the state of the

social environment. For example, the composition of

social groups can provide indirect cues about local

density or sex ratio. As discussed in the previous sec-

tion, however, social cueing is difficult to disentangle

from other behavioural mechanisms.

It is unlikely that any of these behavioural mecha-

nisms are restricted to particular taxonomic groups.

The fact that even the cognitively more demanding

mechanisms, individual learning and social learning,

can occur across vertebrates, from fish to mammals,

rather suggests that species-specific social ecology and

social opportunities determines the occurrence of a

given mechanism.

Understanding Unexpected Effects

Refraining from surveillance of the social interactions

that occur during the experimental social experience

phase may result in the unsatisfactory situation that

we cannot properly interpret the results of our experi-

ment. For example, when the birth spacing of litters

in communal nests of mice was wide, old, young and

solitarily reared pups performed better in a later-life

hierarchy formation task than did middle-aged pups

(Branchi et al. 2013a). This result is rather surprising

because there was no obvious a priori reason to

assume that middle-aged pups should be different.

Only by observing the interactions in the nest during

the experience phase, it became apparent that pups

from middle-aged litters received the least maternal

care of all litters, which provides an explanation for

their poor performance in social challenges later in

life. Another unexpected finding was a lower copula-

tion success per song directed to a female in brown-

headed cowbird males that had been exposed to adult

males as juveniles (White et al. 2002b). During the

experience phase in the presence of adults, these

males had developed more natural social behaviour in

various respects compared to males reared without

adults so that rather a higher copulation success

should be expected in the males with adult exposure.

Detailed observations during the experience phase

revealed, however, that adult-exposed birds devel-

oped a song with lower potency. This may possibly

explain their lower copulation success per song direc-

ted to females. Finally, a comparison between bipar-

ental and female-only care in Mandarin voles

revealed that biparental offspring received more care,

which might have been expected; it also revealed that

in the presence of males, mothers increased lactation

and licking rates as compared to mothers caring alone

(Jia et al. 2009), a finding that was less straightfor-

ward (alternatively, male care might also lead to load

lightening and reduction of female care). Thus, by

observing the interactions in the nest, it is possible to

formulate two, non-mutually exclusive hypotheses
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about the behavioural mechanisms responsible for

the various long-term effect detected in these mice:

they might be caused by (1) the total amount of par-

ental care or by (2) the more intensive maternal care

(for more details on all three examples, see Table 1).

As a general note of caution, manipulating social

complexity in the laboratory may yield unexpected

results, simply because in the laboratory, we are

unable to simulate natural social networks of or study

species. For example, in a wild cleaner fish popula-

tion, the interaction frequencies with clients vary

between 800/d in a simple habitat and 2000/d in a

complex habitat, with important differences between

the socio-cognitive skills in the two habitat types

(Wismer et al. 2014). Trying to offer a socially

deprived vs. enriched treatment to these fish in the

laboratory has a high chance to fail due to logistic

constraints, so that even in ‘enriched’ laboratory

conditions interaction frequencies would still be mag-

nitudes below the lowest observed frequencies found

in the wild.

Testing for the Causality of Behavioural

Mechanisms

I would like to argue in this section that it is important

that our research does not end by proposing possible

hypotheses about underlying behavioural mecha-

nisms based on observations during the experience

phase. In many of the studies reviewed in Table 1,

several aspects of the social interactions changed with

the social treatments. Moreover, correlation analyses

revealed that different aspects of variation in social

interactions can affect different later-life traits (e.g.

Branchi et al. 2013a). This means that the observation

of social interactions during the experience phase of

developmental experiments will often give rise to sev-

eral alternative hypotheses about involved beha-

vioural mechanisms. More importantly, in none of

the observed differences of social interactions during

the experience phase can we be sure that they are the

main cause for later-life traits, rather than other,

unmeasured variables. Therefore, a necessary step is

to develop targeted experiments testing for the causal-

ity of identified candidate mechanism by specifically

manipulating the identified property of social interac-

tions (Fig. 1).

I would like to illustrate this point with an exam-

ple from our work in the cichlid fish N. pulcher. We

found that young fish of this species reared with par-

ents had a better performance in a suite of social

challenges later in their juvenile and adult life com-

pared to fish reared without parents. We had

observed a higher frequency of among-sibling inter-

actions during the treatment phase in groups reared

with parents, and we proposed that this difference in

sibling interactions is responsible for the different

later-life performance as a consequence of learning

appropriate social behaviour by experience. We can-

not exclude the alternative hypothesis, however,

that the performance of offspring reared with parents

was influenced by cues the young obtained from

parent about the state of their environment (e.g.

chemical or acoustic cues), which may have sig-

nalled, for instance, the degree of safety from preda-

tion risk (Arnold & Taborsky 2010; Taborsky et al.

2012). Based on these hypotheses, we can perform

at least three confirmatory experiments to find out

which of these mutually non-exclusive mechanisms

are at work. We should manipulate (1) the fre-

quency of among-sibling interactions, (2) the pres-

ence or absence of chemical cues produced by

parents conveying information about the riskiness of

the environment and (3) the presence or absence of

predator cues directly perceived by the focal juve-

niles during early life. If any of these follow-up

experiments replicate the long-term effects of our

initial experiment (rearing with our without par-

Treatment 1 Effect 1

Treatment 2 Effect 2

Treatment 1 Effect 1

Treatment 2 Effect 2

(a)

(b)
Treatment 

differences in 
social interac�ons

Hypotheses about behavioural
candidate mechanisms

Experimental test for causality 
of candidate mechanisms

Social experience
phase

Later life

Fig. 1: (a) Opening the black box of social behaviour and interactions

during the treatment phases of developmental experiments (b) allows

identifying behavioural candidate mechanisms (for example, the fre-

quency or type of a certain social interaction) that might cause long-

term effects on behaviour. In a final step, we should manipulate these

candidates to prove causality.
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ents), we can be more confident to have identified a

causal mechanism.

Two nice examples show how social interactions

can be manipulated directly. In Bobwhite quails,

parental responsiveness to chicks was manipulated

by combining the use of dummies and playback

(Harshaw & Lickliter 2007). In rats, a component of

maternal care (tactile stimulation of pups) was simu-

lated by the experimenter (Hellstrom et al. 2012). To

avoid artefacts, we should think about how to manip-

ulate the candidate interactions between conspecifics

rather than relying on the use of dummies or human

simulation of interactions. For example, in case of the

rats, an elegant way to increase licking and grooming

and thereby tactile stimulation in individual offspring

of a brood is to add a drop of saltwater to the nape of a

pup (M. Schweinfurth, B. Stieger & M. Taborsky, in

preparation).

Conclusions

To conclude, by manipulating the early social envi-

ronment, we typically alter social complexity through

changing the quantity, quality and/or diversity of

social interactions. These changes may provide inad-

vertent cues to the focal animals about the state of

their social environment, such as local density, sex

ratio, or age and size structure of populations. In addi-

tion to inadvertent information, the evidence

reviewed here strongly suggests that direct experience

from social interactions can significantly contribute to

long-term effects on later social performance, for

example by improved opportunities to learn how to

behave adequately in different social situations in

socially more complex early environments. If we are

interested in understanding the causes of long-term

effects of the early social environment, it seems obvi-

ous that social interactions during the experimental

experience phase should always be recorded. As out-

lined above, there are at least two arguments for this.

Knowledge about how the social interactions differ

between rearing treatments (1) permits researchers o

formulate hypotheses about candidate mechanisms

causing long-term effects on behaviour (Fig. 1) and

(2) can help to interpret unexpected outcomes of

developmental experiments. Finally, while almost all

developmental studies propose hypotheses about the

behavioural or neural mechanisms that might have

been triggered by manipulations of the social environ-

ment, we should proceed and perform confirmatory

experiments proving causality of the hypothesized

mechanisms.
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