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Living in groups affords individuals many benefits, including the opportunity to reduce stress. In mammals, such ‘social buffering’ of stress is
mediated by affiliative relationships and production of the neuropeptide
oxytocin, but whether these mechanisms facilitate social buffering across
vertebrates remains an open question. Therefore, we evaluated whether
the social environment influenced the behavioural and physiological recovery from an acute stressor in a group-living cichlid, Neolamprologus pulcher.
Individual fish that recovered with their social group displayed lower
cortisol levels than individuals that recovered alone. This social buffering
of the stress response was associated with a tendency towards lower transcript abundance of arginine vasotocin and isotocin in the preoptic area
of the brain, suggesting reduced neural activation of the stress axis. Individuals that recovered with their social group quickly resumed normal
behaviour but received fewer affiliative acts following the stressor. Further
experiments revealed similar cortisol levels between individuals that
recovered in visual contact with their own social group and those in visual
contact with a novel but non-aggressive social group. Collectively, our results
suggest that affiliation and familiarity per se do not mediate social buffering in
this group-living cichlid, and the behavioural and physiological mechanisms
responsible for social buffering may vary across vertebrates.
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There are numerous benefits to living in a social group, including improved
food acquisition [1,2], increased vigilance [1,3] and workload sharing [4,5].
Group living can also provide direct physiological benefits. For example, individuals that are with a social partner while recovering from a stressor often
mount a reduced glucocorticoid response compared with individuals that
recover alone (e.g. pair-bonded mates [6,7]; offspring and parents [8,9]). However, most studies of such ‘social buffering’ of stress have been conducted in
mammals (reviewed in [10–12])—particularly rodents (e.g. prairie voles and
guinea pigs) and primates (e.g. chimpanzees and humans)—and we know
very little about how social relationships modulate stress in other animals.
Additionally, the few studies that have examined social buffering of stress
responses in non-mammalian animals, such as fishes [13,14] and birds [15],
have not assessed the mechanisms responsible for these effects.
Glucocorticoid production in response to a stressor is stimulated by adrenocorticotropic hormone (ACTH) from the anterior pituitary [16,17]. Although ACTH
release is largely regulated by corticotropin-releasing factor (CRF) [18], other
neuropeptides, including arginine vasopressin (AVP) and oxytocin (OXT), can
also play a role [19,20]. The OXT system has emerged as a key neural mediator
of social buffering in mammals [6,21,22], as it reduces the ACTH-releasing actions
of CRF [23,24]. In addition, OXT often promotes affiliation and social contact
between social partners [25–27], which can further reduce stress [28–30]. Arginine
vasopressin and CRF also have been implicated in the regulation of social behaviours [31–33], including affiliation [34,35]. Thus, the integrated actions of these
© 2019 The Author(s) Published by the Royal Society. All rights reserved.

(a) Experimental animals
Experiments took place between March and August 2018 at
McMaster University in Hamilton, Ontario, Canada. All fish
were F2 or F3 laboratory-reared descendants of wild-caught
N. pulcher collected from Lake Tanganyika, Africa. Social
groups consisting of a dominant breeding pair, 1–3 large helpers
(standard length, SL > 4 cm) and up to 2 small helpers (SL <
4 cm) were held in 189 l aquaria under standard housing conditions (see [54,55]). Each fish in a group received a unique
dorsal fin clip for identification; these marks do not adversely
affect behaviour [56]. All social groups (n = 39) had been together
for at least two months and had produced young in the month
preceding experimentation.

Nineteen social groups were used in this experiment. Prior to
each trial, groups were video recorded (Canon VIXIA HF S200)
once per day for 3 days to assess behaviour (see §2d) of focal
large helpers that were to be exposed to acute stress via air
exposure. Focal individuals (n = 29) were quickly netted and
held out of the water within the damp net for 3 min. Following
the stressor, individuals were returned to their home tanks
to recover with their social group (own group; n = 14) or by
themselves (alone; n = 15). Recovery treatment was randomly
assigned to each individual prior to the experiment. In trials
where individuals recovered by themselves, the social group of
that individual was removed from the home tank during the
time the individual was subjected to air exposure, and social
groups were placed into an identical empty tank that was visually isolated from the recovering focal individual. Thus, focal
individuals always recovered in their home tanks and were
video recorded throughout the recovery period (25 or 90 min)
to assess behavioural changes across time.
We selected 25 and 90 min post-stressor to investigate how the
social environment influenced peak and recovering cortisol levels,
respectively. A separate preliminary study showed that circulating
cortisol levels in N. pulcher peaked 15–30 min after a 3 min air
exposure stressor, and were returning to baseline levels by
90 min post-stressor (electronic supplementary material, figure
S1). Thus, focal individuals were euthanized after 25 or 90 min
and sampled (see §2e). At the end of each trial, the remaining members of each social group were returned to their original home tank.
Note that while individuals that recovered by themselves were
alone in their tank, they were able to see and interact (across the
glass) with familiar neighbouring groups in nearby aquaria. As
such, recovering fish were never completely socially isolated.
Additionally, if more than one individual in a social group were
used in this experiment, then trials were separated by 7 days to
allow behavioural group dynamics to re-stabilize. Group behaviours
were always assessed over the 3 days preceding each trial.

(c) Experiment 2: recovery following a stressor in view
of own versus a novel social group
Twenty social groups were used in this experiment. This experiment was conducted as described for experiment 1, except that
following air exposure, individuals (n = 33) recovered either in
view of their own social group (own group; n = 16) or in view
of a novel social group (novel group; n = 17). During the recovery
period, focal individuals occupied one-quarter of the tank, and
were separated by a non-perforated, clear barrier from the
other three-quarters of the tank containing either their own
social group or a novel social group. Neolamprologus pulcher are
a highly visual species and are capable of individual recognition
using only visual information [57–59]. Novel social groups were
matched in number and composition of individuals to each individual’s own social group and were exchanged with the original
social groups during the air exposure of the focal individual.

(d) Behavioural analyses
The behaviour of individuals prior to experimentation was
assessed from 15 min video recordings of social groups (rates of
social and locomotor behaviours were similar across treatment
groups prior to the experiments; see electronic supplementary
material, tables S1 and S2). The initial 10 min of each 15 min
recording served as an acclimation period following placement
of the camera in front of a tank. During the final 5 min of each
recording, the number of aggressive acts received (chases, bites,
rams, opercular flares, aggressive postures and lateral displays)
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2. Material and methods

(b) Experiment 1: recovery following a stressor with
own group versus alone

royalsocietypublishing.org/journal/rspb

neuropeptides in glucocorticoid production and social behaviour appear to be conserved across vertebrates [31,33,36], but
their roles in the social buffering of stress have only been
studied previously in mammals.
In the present study, we investigated social buffering of
stress in a group-living cichlid fish, Neolamprologus pulcher.
These fish live in social groups consisting of a dominant breeding pair and 1–20 subordinate helpers that assist breeders by
performing brood care, as well as territory defence and maintenance [37–39]. Group composition fluctuates as individuals
are lost to predation [38] and move between groups [37,40,41].
Consequently, relatedness among group members, particularly
large helpers and breeders, typically is low [42,43]. Group
members regularly engage in affiliative exchanges [44,45] and
prefer familiar group members over size-matched groups of
unfamiliar individuals [46], suggesting that affiliation among
group members plays an important role in the rich social life
of N. pulcher. Recently, isotocin (IT; the teleost homologue
of OXT) has been implicated as a key regulator of affiliative
behaviours in teleost fishes [47,48], including N. pulcher
[45,49], suggesting the potential for IT to contribute to social
buffering of stress in fishes through both behavioural and
physiological effects.
We predicted that the glucocorticoid response of N. pulcher individuals that recovered from an acute stressor on
their own would be greater than that of individuals that
recovered within their social group. We focused on subordinate helpers because they are most likely to benefit from
the protection of a social group; dominant breeding pairs
are larger [39] and typically provide greater levels of territory
defence [50]. To investigate how the social environment influenced neural regulators of behaviour and glucocorticoid
synthesis, we measured transcript abundances of isotocin
(it), arginine vasotocin (avt; the teleost homologue of AVP)
and corticotropin-releasing factor (crf ) in the preoptic area
of the brain (POA). In fishes, the POA regulates ACTH release
[51] and is widely implicated in the regulation of social behaviour [52,53]. To further disentangle whether the social
buffering of stress is mediated by the presence of familiar
social partners, or by conspecifics more generally, we also
allowed individuals to recover in view of, but physically separated from, either their own social group or a novel social
group. We predicted that if social buffering is dependent on
the presence of known social partners, then buffering
should not be observed in individuals that recovered in
view of a novel social group.
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Figure 1. Visual representation of the experiments. Following air exposure, N. pulcher recovered either with their own social group or alone (experiment 1) or they
recovered in view of their own social group or a novel social group (experiment 2). The number of aggressive acts (tallied over a 5 min period) received by individuals during recovery is illustrated for individuals that recovered with their own social group (a); in visual contact with their own social group (b); or in visual
contact with an unfamiliar social group (c). Values are means ± s.e.m. An asterisk indicates a significant difference from the pre-stressor value (see text for additional
details). (Online version in colour.)

Table 1. Afﬁliative behaviour before and after exposure of N. pulcher to an acute stressor for individuals that recovered with their own social group in
experiment 1 (n = 14). Values for an individual ﬁsh represent the average of three 5 min observation periods. Behaviours are reported as means ± s.e.m.
Signiﬁcant differences ( p < 0.05) are indicated by italic font. Rates of afﬁliative behaviours following air exposure did not change across time when individuals
recovered with their own social group (electronic supplementary material, table S4). Therefore, post-stressor values of afﬁliation for each focal ﬁsh were averaged
across the three observation periods during recovery and were compared to pre-stressor values.
behaviour
afﬁliative acts
time near group members (s)

pre-stressor
received
performed

post-stressor

χ

2

p-value

0.4 ± 0.2
0.4 ± 0.2

0.1 ± 0.1
0.2 ± 0.1

4.94
1.74

0.02
0.19

32.4 ± 5.8

23.2 ± 4.5

2.09

0.15

and affiliative behaviours (follows, parallel swims and soft
touches) performed or received by the focal individual were
scored (see [60] for a species-specific ethogram detailing all behaviours recorded). The time that focal fish spent within a body
length (approx. 6 cm) of a groupmate was also measured and
was reported as ‘time near group members’. To assess locomotor
activity, tanks were visually split into 32 quadrats (11.5 × 12.5 cm)
using a grid and the number of times a focal fish crossed quadrat
boundaries was counted. To estimate the territory usage of each
focal fish [61,62], the number of unique quadrats that focal fish
entered during the observation period was counted and expressed
as a proportion of the total number of possible quadrats. Additionally, we quantified the relative amount of time that individuals

spent in preferred areas (near substrate and shelters) of the tank
[63]. This time was calculated as the difference in time that fish
spent in the bottom quarter of the tank (more preferred) versus
the top quarter of the tank (least preferred). Pre-stressor behaviours
are reported as the mean values over the three observations.
Following the acute stressor, behaviours were again assessed
for three 5 min intervals during the recovery period. Specifically,
individuals sampled 25 min after the stressor were observed at 0,
10 and 20 min, and individuals sampled 90 min after the stressor
were observed at 0, 40 and 85 min. The behaviours that were
assessed pre-stressor were also scored during recovery, with the
exception that social behaviours could not be scored for fish
that recovered alone. In addition, because all focal individuals
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Figure 2. Activity levels (a,b), territory usage (c,d ) and relative time in the bottom of the tank (e,f ) for individual N. pulcher that recovered from a stressor in
experiment 1. Fish either recovered with their own social group (a,c,e) or alone (b,d,f ). Values are means ± s.e.m. An asterisk indicates a significant difference from
the pre-stressor value (see text for additional details).
in experiment 2 were confined to only one-quarter of their tank,
changes in locomotor behaviour, territory usage, and time in preferred areas of the tank were not calculated.

(e) Tissue sampling
At the end of the recovery period, fish were rapidly netted
and euthanized via terminal anaesthesia (0.5 g l−1 ethyl-p-aminobenzoate; Sigma-Aldrich, Oakville, Ontario, Canada). Blood was
collected in heparinized micro-hematocrit capillary tubes via
caudal severance (within 2 min of approaching the tank) and
centrifuged (4750 g for 3 min). Plasma was collected, flash
frozen in liquid nitrogen and stored at −80°C for later analysis
of cortisol concentrations (see §2f ). The POA and head kidney
were dissected out, flash frozen and stored at −80°C for later
analysis of transcript abundance (see §2g). All fish were sampled
between 09.00 and 11.00 h.

(f ) Cortisol quantification
Circulating cortisol levels were measured using an enzymelinked immunosorbent assay (EIA; Neogen, Lexington, KY,
USA) following the manufacturer’s protocol; the assay was previously validated for N. pulcher [64]. Plasma samples were
diluted 100× with Milli-Q water (EMD Millipore, Etobicoke,
Ontario, Canada) prior to analysis. Samples were assayed in
duplicate with intra-assay variation of 3.0% and inter-assay variation of 10.5% (% CV). We were unsuccessful in collecting blood
from five individuals (one that recovered alone; two that recovered with their own group; and two that recovered in view of
a novel group), and therefore, plasma cortisol could not be
measured for these fish.

(g) Transcript abundance analysis by real-time
polymerase chain reaction
Changes in transcript abundance were assessed by semi-quantitative
real-time polymerase chain reaction using gene-specific primers
(electronic supplementary material, table S3), as described previously [64]. In addition to the targets in the POA (avt, crf, and

it), we also assessed transcript abundances of steroidogenic acute
regulatory protein (star) and cytochrome P450 side-chain cleavage
enzyme ( p450scc) in the head kidney (analogous to the adrenal
gland) because they mediate the rate-limiting step in glucocorticoid synthesis [65,66]. Transcript abundance was calculated
according to the modified ΔΔCt method [67]. Data were
normalized to mRNA abundance of the reference genes 18S
(POA) or β-actin (head kidney), which did not vary among
groups. For experiment 1, data are expressed relative to individuals
that recovered by themselves for 25 min. For experiment 2, data are
expressed relative to individuals that recovered in sight of a novel
group for 25 min.

(h) Statistical analysis
Statistical analyses were performed using R (v. 3.4.4, [68]) and a
significance level (α) of 0.05 was used for all tests. When data
did not meet the assumptions of normality and/or equal variance,
data were log-transformed, or if the data could not be transformed
to meet the assumptions, then equivalent non-parametric analyses
were performed. All models were fit using the lmer function in the
‘lme4’ package [69], and when overall differences were detected
using the Anova function in the ‘car’ package [70], Tukey’s HSD
post hoc analysis was performed using the ‘emmeans’ package.
For all models, group id was included as a random factor to
account for non-independence of animals that were sampled
from the same group.
To assess how plasma cortisol and transcript abundance
varied between recovery environments, general linear mixed
models (LMMs) that included recovery time (25 or 90 min), recovery environment (own group or alone; own group or novel group)
and their interaction term as fixed factors were fit. To investigate
how the behaviour of individuals changed during recovery,
LMMs were fit which included the observation period (Pre, 0–5,
10–15, 20–25, 40–45 or 85–90 min) as a fixed factor, as well as
individual id as a random factor to account for repeated observations of the same animal across time. The major findings of
these analyses are described below; however, a detailed description of the statistical results in full is included in the electronic
supplementary material.
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Figure 3. Visual representation of the endocrine stress axis (hypothalamic–pituitary–interrenal axis) in N. pulcher (a), and changes in neuroendocrine regulation of
the stress axis in the brains of individuals that recovered alone or with their own social group, where darker lines indicate increased activation (c). Circulating plasma
cortisol levels (b); and relative transcript abundance of it (d ), avt (e) and crf ( f ) in the preoptic area of individuals that either recovered alone or with their own
social group (experiment 1). Values are presented as medians and 1st and 3rd quartiles; points represent individual values. Differences between groups are indicated
using the bar fills or by an asterisk (see text for further details). AVT, arginine vasotocin; CRF, corticotropin-releasing factor; IT, isotocin; Pit, pituitary.

3. Results
(a) Social and locomotor behaviours
Individuals recovering within their own social group in
experiment 1 received more aggression immediately following air exposure than prior to the stressor, but the rates of
aggression quickly declined (figure 1a; χ 2 = 21.05, p < 0.001).
In experiment 2, aggression received did not change compared
to pre-stressor values when individuals recovered in visual
contact with, but physically separated from, their own social
group (figure 1b; χ 2 = 3.01, p = 0.70). By contrast, individuals
in experiment 2 that recovered in view of a novel social
group (but physically separated from it) encountered higher
rates of aggression than they had received from their
own social group prior to the stressor (figure 1c; χ 2 = 26.14,
p < 0.001). Overall, individuals in experiment 1 that recovered
within their own social group received fewer affiliative acts
following the stressor compared to before the stressor, but
did not adjust their own performance of affiliative acts
nor did they change the amount of time spent near their
groupmates following the stressor (table 1).
Relative to pre-stressor values, individuals in experiment 1
that recovered within their social group displayed a transient
increase in locomotor activity (figure 2a; χ 2 = 14.36, p = 0.01)
and visited a greater proportion of the territory (figure 2c;
Χ 2 = 22.35, p < 0.001) during the initial stages of recovery,
but they did not significantly adjust the relative amount of
time spent in more preferred, lower areas of the tank (figure 2e;
χ 2 = 9.00, p = 0.11). By contrast, compared with pre-stressor
values, fish in experiment 1 that recovered by themselves
showed sustained increases in both locomotor activity

(figure 2b; χ 2 = 66.56, p < 0.001) and the proportion of the territory visited (figure 2d; χ 2 = 46.42, p < 0.001), as well as steadily
increasing the time that they spent in the preferred, lower tank
areas near shelter (figure 2f; χ 2 = 13.03, p = 0.02).

(b) Cortisol concentrations and transcript abundances
In experiment 1, individuals that recovered by themselves
had higher circulating cortisol concentrations relative to individuals that recovered within their social group (figure 3b;
LMM: χ 2 = 4.98, p = 0.03). Preoptic area transcript abundance
of it tended to be higher in individuals that recovered by
themselves compared with those that recovered with their
social group (figure 3c; LMM: χ 2 = 2.75, p = 0.09), particularly
25 min post-stressor. Post hoc comparison of it transcript
abundance 25 min post-stressor confirmed that abundance
was higher in individuals that recovered by themselves compared to fish that recovered with their social group ( p = 0.01).
Transcript abundance of avt in the POA also tended to be
higher in individuals that recovered alone relative to individuals that recovered with their social group (figure 3d; LMM:
χ 2 = 2.83, p = 0.09). Individuals that recovered with their
social group versus alone did not differ in transcript abundance of crf (figure 3e; LMM: χ 2 = 4.55, p = 0.14), but
individuals that recovered within their social group tended
to have higher crf transcript levels following 90 min of recovery compared to 25 min of recovery ( p = 0.08). Transcript
abundance of the steroidogenic enzyme p450scc in the head
kidney was higher in individuals that recovered with their
social groups compared to individuals that recovered alone,
but only at 25 min post-stressor (electronic supplementary
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Figure 4. Plasma cortisol levels of individual N. pulcher that recovered in view
of a novel social group or in view of their own social group in experiment 2 (a),
and the correlation between peak circulating cortisol levels and the number of
aggressive acts received from members of a novel social group (b). Aggressive
acts were tallied over a 5 min period. Values in (a) are presented as medians and
1st and 3rd quartiles; points represent individual values.
material, table S5; p = 0.02). No differences in transcript levels
of star were detected in the head kidney (electronic
supplementary material, table S5; p = 0.13).
In experiment 2, cortisol levels of individuals that recovered
while physically isolated from (but still in visual contact with)
their own social group did not differ from levels observed in
individuals that recovered in view of a novel social group
(figure 4a: Χ 2 = 2.55, p = 0.11). However, peak cortisol levels
of individuals that recovered in view of a novel group
were highest when the members of the novel group were
decidedly aggressive (figure 4b; Pearson’s correlation: R 2 =
0.90, p < 0.001). No differences in transcript levels were
detected between individuals that recovered in view of their
own social group and those that recovered in view of a novel
social group in either the POA or the head kidney (electronic
supplementary material, table S6).

4. Discussion
The presence of an individual’s social group reduced poststressor cortisol levels in the group-living cichlid, N. pulcher.
This social buffering of the cortisol response was associated
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0

with a tendency towards reduced transcript abundance of
IT (the teleost homologue of oxytocin) and AVT (the teleost
homologue of arginine vasopressin) in the POA, changes
that are consistent with reduced neural activation of the glucocorticoid stress axis. Interestingly, individuals received less
affiliative behaviour from their groupmates following the
stressor, and even novel social groups appeared to function
as a social buffer to stress when these groups behaved nonaggressively towards the focal recovering individual. Peak
cortisol levels of recovering individuals correlated positively
with the number of aggressive acts received from unfamiliar
group members; when individuals recovered in sight of
non-aggressive novel groups, cortisol levels were similar to
individuals that recovered in sight of their own social group.
Social buffering most commonly occurs between individuals that share strong social relationships, such as pair-bonded
mates [6,7] or offspring-and-parents [8,9]. The intimate nature
of these long-term social relationships appears critical for
social buffering, as surrogate social partners typically confer
less effective buffering [9,71]. However, social relationships
can be much more transient in nature (e.g. aggregations), and
even unfamiliar conspecifics appear capable of buffering stress
under some circumstances [10,72]. We found that subordinate
N. pulcher that were allowed to recover within the confines of
their own social group displayed lower cortisol levels than individuals that recovered alone. Additionally, even novel social
groups appeared to buffer stress in recovering individuals as
long as the members of the novel group were non-aggressive.
This breadth of social buffering capacity probably reflects the
social structure in groups of N. pulcher. Individuals can emigrate
and immigrate between groups [37,40,41], and individual group
members typically are not close relatives [42,43]. As such, social
buffering in N. pulcher appears to rely less on genetic relatedness, and may instead be driven by the general presence of
non-aggressive conspecifics—especially the dominant breeders,
as they provide high levels of defence [50] and serve as the social
glue for groups [54,73]. A similar finding was reported for
aggregations of juvenile lake sturgeon (Acipenser fulvescens),
where cortisol responses following an acute stressor were
lower than those of isolated fish [13]. The authors suggested
that buffering in these sturgeon stems from a lack of aggression
among juveniles of this species. Therefore, the suppression of
aggressive tendencies appears to be a key catalyst for social
buffering in fishes (among the limited species tested to date),
although further work is clearly necessary to ascertain whether
this generalization holds across a broader spectrum of species
and social relationships.
Social contact and affiliation play key roles in the social
buffering of stress in mammals [74], with social partners
often increasing the performance of grooming and contact
communication behaviours towards stressed companions.
Such affiliative behaviours appear to console and protect the
individual from the physiological and psychological harm
imposed by stressors [27,28]. Similarly, tactile stimulation
was found to reduce glucocorticoid responses in fish [29,75],
but we found that individuals recovering from stress received
fewer affiliative acts (including affiliative touches) from their
groupmates. Although N. pulcher individuals commonly
engage in affiliative interactions with groupmates, subordinates typically receive far fewer affiliative acts than breeders
[44,64]. Even following a territory intrusion by an unfamiliar
conspecific (a stressful event that can destabilize a social
group), rates of affiliation directed towards subordinates did
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