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Androgens respond to social challenges and this response has been interpreted as a way for males to adjust
androgen-dependent behavior to social context. However, the androgen responsiveness to social challenges
varies across species and a conceptual framework has been developed to explain this variation according to dif-
ferences in themating system and parental care type, which determines the regimen of challengesmales are ex-
posed to, and concomitantly the scope (defined as the difference between the physiological maximum and the
baseline levels) of response to a social challenge. However, this framework has been focused on territorial species
and no clear predictions have been made to gregarious species (e.g. shoaling fish), which although tolerating
same-sex individualsmay also exhibit intra-sexual competition. In this paperwe extend the scope of this concep-
tual framework to shoalingfish by studying the endocrine response of zebrafish (Danio rerio) to social challenges.
Male zebrafish exposed to real opponent agonistic interactions exhibited an increase in androgen levels (11-
ketotestosterone both in Winners and Losers and testosterone in Losers). This response was absent in Mirror-
fighters, that expressed similar levels of aggressive behavior to those of winners, suggesting that this response
is not amere reflex of heightened aggressivemotivation. Cortisol levels were alsomeasured and indicated an ac-
tivation of the hypothalamic–pituitary–interrenal axis in Winners of real opponent fighters, but not Losers or in
Mirror-fighters. These results confirm that gregarious species also exhibit an endocrine response to an acute so-
cial challenge.

© 2015 Elsevier Inc. All rights reserved.
Introduction

An androgen response to social challenge has been described across
vertebrates, from fish to humans (Archer, 2006; Oliveira et al., 2002).
This response has been interpreted as a way for individuals to adjust
their expression of androgen-dependent behaviors to social context
(Oliveira, 2009). However, these socially driven changes in androgen
levels vary widely across species (Hirschenhauser and Oliveira, 2006).
The “Challenge Hypothesis” has been proposed to explain this variation
based on inter-specific differences in the exposure to social challenges
due to variation in mating system and/or parental care type (Wingfield
et al., 1990; for reviews more recent reviews see Goymann et al., 2007;
Hirschenhauser and Oliveira, 2006). For example, males from monoga-
mous species with paternal care are expected to experience a lower reg-
imen of intra-sexual competition than males from polygamous species
without paternal care, and therefore the former are expected to have
lower breeding baseline androgen levels and concomitantly a higher
scope of response (i.e. the potential increase from baseline levels up to
the physiological maximum) when faced with a social challenge. These
o, R. Jardimdo Tabaco 34, 1149-
predictions of the “ChallengeHypothesis”have been in general confirmed
across different taxa, butmost studies so far have concentrated on territo-
rial species (e.g. fish, Hirschenhauser et al., 2004; birds, Hirschenhauser
et al., 2003). However, gregarious species present an interesting case for
testing the “Challenge Hypothesis” since they have a high tolerance for
the presence of same-sex conspecifics, which in territorial species
would be treated as intruders, but still compete for the access to mating
opportunities. Thus, social baseline androgen levels are expected to be
low, enabling a high scope of response to social challenges.

Shoaling fish have been mainly studied from a perspective of
affiliative behavior (e.g. Engeszer et al., 2004; Lachlan et al., 1998). How-
ever, shoaling species also exhibit structured social relationships with
social hierarchies and leader–follower roles (e.g. zebrafish, Paull et al.,
2010; Vital and Martins, 2013), which require some kind of agonistic
regulation. Thus, aggressive behavior is also relatively common in
shoaling species and it increases in mating contexts, being modulated
both by operational sex-ratio and by density (e.g. zebrafish, Spence
and Smith, 2005).Moreover, bothmales and females of shoaling species
may express aggressive behavior when competing for resources (e.g.
zebrafish, Paull et al., 2010). The relationship between androgens and
social status in shoaling species varies, with dominant individuals hav-
ing higher androgen levels than subordinates in some species (e.g.
zebrafish, Filby et al., 2010) but not in others (e.g. swordtail fish,
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Hannes, 1984). Therefore, the associations found between androgen
levels and social status in male shoaling teleosts may be explained by
the challenge hypothesis, reflecting a higher regimen of social chal-
lenges in dominant males (Oliveira et al., 2002).

In this study we tested the hypothesis that an acute social challenge
elicits an androgen response in a shoaling species, the zebrafish (Danio
rerio), by promoting dyadic interactions between males. Furthermore,
we also tested the hypothesis that it is the perception of the outcome
of the interaction as a victory or a defeat that triggers the androgen re-
sponse, rather than themere expression of aggressive behavior. For this
purpose we had a treatment with mirror-elicited aggression, where
males fought their own image on a mirror. In zebrafish, mirror fights
elicit similar levels of aggressive behavior to those observed in real op-
ponent fights (Teles et al., 2013) and since the behavior expressed by
themirror-imagematches the behavior of the focal individual, no infor-
mation on fight outcome is available (Oliveira et al., 2005). Thus, despite
expressing similar levels of aggressive behavior to those of winners of
real opponent fights, Mirror fighters do not experience either a victory
or a defeat. Thus, if the androgen response depends on the perception
of fight outcome we predict androgen levels to increase in real
opponent fighters but not in Mirror-fighters. Since social challenges
may also activate the hypothalamic–pituitary–interrenal (HPI) axis we
have also sampled cortisol.

Material and methods

Animal housing

Adult zebrafish males from the AB strain bred and held at Instituto
Gulbenkian de Ciência (IGC, Oeiras, Portugal) were used in this study.
Fish were kept in a recirculating system (ZebraTec 93, Tecniplast), at
28 °Cwith a 14L:10D photoperiod. Water systemwasmonitored for ni-
trites (b0.2 ppm), nitrates (b50 ppm) and ammonia (0.01–0.1 ppm),
and pH and conductivity maintained at 7 and 700 μSm respectively.
Fish were fed twice a day with Artemia salina in the morning and
commercial food flakes in the afternoon, except on the day of the
experiments.

Social challenge tests

Four social treatments were used in this study (N = 16 for each
treatment): (1) fish that won a social interaction against a real oppo-
nent (Winners); (2) fish that lost a social interaction against a real op-
ponent (Losers); (3) fish that interacted with its own image on a
mirror and that despite fighting neither won nor lost the social interac-
tion (Mirror-fighters); and (4) fish that did not experience a social in-
teraction, which was used as a reference group (Control). The real
opponent interactions followed a previously described behavioral para-
digm (Oliveira et al., 2011). In brief, each pair was placed in the experi-
mental arena (5 cm × 8 cm × 6 cm) where they stayed overnight
isolated from each other by a removable opaque PVC partition. On the
next day, the opaque dividerwas removed and thefish allowed to inter-
act for 30min. Themirror-elicited interactions followed a similar proce-
dure but at the time of the interaction, the opaque partition separating
the opponents remained in place, and a pair of mirrors was revealed,
one on each compartment. Therefore, pairs of Mirror-fighters fought
their own image independently but simultaneously. This procedure
allowed control for the presence of putative chemical cues during ago-
nistic interactions, since the two compartments were not isolated
chemically fromeach other. Pairs from the control treatment also stayed
in the same conditions of the other experimental treatments but at the
time of the interaction the opaque partition was not lifted and they
remained in visual isolation from each other. Fish were matched for
size across treatments [body weight (mean ± SEM) = 0.32 ± 0.01 g;
standard length (mean ± SEM) = 2.78 ± 0.006 cm]. Behavioral tests
were video-recorded for subsequent behavioral analysis.
Hormone assays

Due to the small size of zebrafish, blood collection is difficult and
provides small volumes of plasma. Therefore, in this study we have
assayed steroid hormones from whole-body homogenates rather than
from plasma. Immediately after the interaction fish were killed using
an overdose of anesthetic (MS222, Pharmaq; 500–1000mg/L) followed
by spinal cord sectioning. Whole-body samples were collected and fro-
zen at −80 °C. Steroid extraction from whole-body samples followed
the protocol described in Cachat et al., 2010. Whole-body concentra-
tions of 11-ketotestosterone (KT), testosterone and cortisol were mea-
sured using specific enzyme immunoassay kits (Cayman Chemical
Company #582751, #582701, #500360, respectively) following the
manufacturer's instructions. All Samples were tested in duplicate in a
dilution of, 1:40 for the KT, 1:20 for testosterone and 1:4 for cortisol.
Intra-assay and inter-assay coefficients of variation were respectively:
4.2%, and 12.8% for KT, 1.7% and 5.1% for testosterone, and 6.6% and
14.6% for cortisol.

Behavioral analysis

Behavioral analysis was performed using a computerized multi-
event recorder (Observer XT, Noldus, Wageningen, The Netherlands).
As previously described (Oliveira et al., 2011), dyadic male fights in
zebrafish are composed by two distinct phases: (1) the pre-resolution
phase, where the interaction is symmetric and both fish exhibit the
same repertoire of behaviors (i.e. display, circle, and bite); and (2) the
post-resolution phase, where all aggressive behaviors are initiated by
the Winner and the Loser only displays submissive behaviors. Here we
only analyzed the last 5 min of the interaction, corresponding to the
post-resolution phase, when dominance relationships have already
been established andWinners and Losers express status-specific behav-
ioral profiles. Thus aggressive behaviors (i.e. chase, bite, strike) were
only scored for Winners and submissive behaviors (i.e. flee, freeze) for
Losers, following the available zebrafish ethogram (Oliveira et al.,
2011). Aggressive and submissive behaviors where then combine into
two variables (aggression and submission) for subsequent behavioral
analysis since a PCA performed for the same variables in the same be-
havioral paradigm clearly separated aggressive and submissive behav-
iors into independent factors (Teles et al., 2013).

Data analysis

Behavioral data did not conform to parametric assumptions, hence
the comparison of aggressive behavior between Winners and Mirror-
fighters was performed using the non-parametric Mann–Whitney U
test. Hormonal data was log transformed to meet parametric criteria,
which were checked by values of skewness and kurtosis for normality,
and by the Levene test for the homogeneity of variances. A one-way
ANOVAwas used to test themain effect of social treatment on hormone
levels, followed by Tukey HSD post-hoc tests to assess differences be-
tween each of the social treatments. Effect sizes were computed for all
tests [eta-squared (η2) for ANOVA and Cohen ds for post-hoc tests].
Pearson correlations were used to assess the association between hor-
mone levels and behavior expression. Sample sizes varied between
groups due to outlier values (i.e. mean ± 3 × standard deviation). All
statistical tests were two-tailed with a p-level of 0.05, and were per-
formed using the software STATISTICA v.10.

Ethics statement

All procedures used in this study followed the institutional guide-
lines for the use of animals in experimentation and were approved
both by the internal Ethics Committee of theGulbenkian Institute of Sci-
ence and by the National Veterinary Authority (Direção Geral de
Alimentação e Veterinária, Portugal; permit number 8954).
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Results

Behavioral analysis confirmed that dominance relationships were
established in real opponent fights with Winners only exhibiting ag-
gressive behavior, and Losers only expressing submissive behavior
after the fight resolution (Fig. 1A). Mirror-fighters only expressed ag-
gressive behavior at a frequency that was not significantly different
from that of Winners from the real opponent interaction (Mann–Whit-
ney test: Z = 0.642, p = 0.52, Fig. 1A).

There were significant main effects of social treatment on whole-
body levels for all measured hormones (KT: F3, 53 = 4.260, p = 0.009,
η2=0.194; testosterone: F3, 57=2.946, p=0.040,η2=0.134; cortisol:
F3, 55 = 4.112, p = 0.011, η2 = 0.183). Post-hoc analysis revealed that
for the KT both Winners and Losers had higher levels than the Control
group (p=0.0099, ds=1.051; and p=0.047, ds=0.842; respectively;
Fig. 1C). For testosterone, the post-hoc tests detected higher levels in
Losers than in Controls (p=0.048, ds=0.834) and a close to significant
difference with Mirror fighters (p = 0.08, ds = 0.767; Fig. 1B). Finally,
the post-hoc analyses for cortisol revealed thatWinners had higher cor-
tisol levels than Controls (p = 0.023, ds = 1.409), and close to signifi-
cant higher levels than Mirror-fighters (p = 0.06, ds = 0.963; Fig. 1D).

Correlation analysis between behavior and hormone levels only
revealed a single positive correlation between cortisol and the ex-
pression of aggressive behavior in the mirror group (r = 0.747,
n = 12, p = 0.005). Correlations between hormones within each so-
cial treatment were also computed, but there was only one signifi-
cant positive correlation between testosterone and KT for Losers
(r = 0.564, n = 15, p = 0.029). All other correlations were non
significant.
Fig. 1. Effects of social challenge on agonistic behavior and hormonal levels: (A) Behavioral char
iors expressed at the last 5 min of the agonistic interactions (sample sizes: Isolation= 16, Mirro
sizes: Isolation = 15, Mirror fighters = 15, Winners = 15, Losers = 16); (C) whole-body 11-k
Losers = 15); (D) whole-body cortisol levels (sample sizes: Isolation = 13, Mirror fighters
representing themedian, the box representing the lower quartile and the upper quartiles, and th
differences between treatments (p b 0.05), and dots indicate close to significant differences (0
Discussion

Overall the results presented in this paper confirmed the occurrence
of an androgen response to a social challenge in zebrafish. Indeed, KT
levels increased in real opponent fighters in comparison to Controls, ir-
respective of the social status achieved (i.e. both in Winners and in
Losers), whereas testosterone levels only increased in Losers, which ex-
hibited higher levels than either Controls or Mirror-fighters. However,
these results did not confirm the prediction that Winners would in-
crease and Losers decrease their androgen levels, as a way to adjust
androgen-dependent behavior to perceived social status (Oliveira,
2009). Thus, KT seems to be responding to the fact that the agonistic in-
teraction has been solved, rather than to the specific outcome (i.e. win-
ning or losing). Alternatively, the KT increase in Losers, which is the
result that contradicts the prediction, may reflect some resilience of
Losers to a descent in social status after a single interaction. Further ex-
periments are needed to disentangle these two possibilities. On the
other hand, the increase of testosterone levels only in Losersmay reflect
the fact that testosterone can bemetabolized into KT, and that oneof the
possible physiological consequences of subordinance may be the block-
age of KT production, resulting in an accumulation of the precursor
testosterone. Indeed, in Siamese fighting fish (Betta splendens) subordi-
nate males, which have a lower expression of aggressive behavior than
dominants, have the enzyme 11-beta-hydroxylase blocked (Leitz,
1987). This is also consistentwith the view that KT is themain androgen
in the regulation of male behavior among teleosts (Borg, 1994;
Gonçalves andOliveira, 2010;Oliveira andGonçalves, 2008). The results
presented here also contrast with previously reported differences in KT
levels betweendominant and subordinate fish in long-term interactions
acterization of the social treatments, as the frequency of aggressive and submissive behav-
r fighters= 15,Winners= 15, Losers= 14); (B) whole-body testosterone levels (sample
etotestosterone levels (sample sizes: Isolation = 14, Mirror fighters = 14, Winners = 14,
= 14, Winners = 16, Losers = 16). A standard boxplot is presented with a dark line
ewhiskers representing theminimumandmaximumvalues. Asterisks indicate significant
.05 b p b 0.10).
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(i.e. individuals paired for either 1 or 5 days) (Filby et al., 2010). This dif-
ference between the two studies can be explained at least in two differ-
ent ways: (1) in our study the individuals were sampled immediately
after the social challenge, which may have missed a divergent time
course in the androgen response between Winners and Losers that
was captured when individuals were sampled after 1 or 5 days; and/
or (2) the cumulative asymmetry of social status may elicit divergent
androgen profiles between dominants and subordinates, which are
not present immediately after a first interaction but that emerge with
continuous interactions.

Despite the similar levels of aggressive behavior expressed by
Mirror-fighters and Winners of real opponent interactions, Mirror-
fighters did not exhibit an androgen response (i.e. had similar levels
of both KT and testosterone to those of non-interacting Controls).
Together these results indicate a decoupling between the expression
of aggressive behavior and the androgen response to social challenge
in zebrafish, which cannot be explained merely as a reflex of a
heightened aggressive motivation. This result is in line with previous
studies in other species, which have also reported a dissociation be-
tween the androgen and the behavioral response in mirror-elicited
aggression (Hirschenhauser et al., 2008; Oliveira et al., 2005). How-
ever, it should be noted here that some other studies have found an
androgen response to mirror elicited fights (Desjardins and
Fernald, 2010; Dijkstra et al., 2012). The specific factor that signals
fight outcome and that is absent in Mirror-fights in some studies
but not in others is difficult to identify (Oliveira and Canário,
2011). When compared to real opponent fights, mirror-elicited
fights lack some components that may be relevant for the partici-
pants to assess their relative fighting ability, namely: (1) the possi-
bility to assume an antiparallel (i.e. head to tail) position and to
circle the opponent; (2) the initiative (of the mirror image) to dis-
play a different behavior from that expressed by the opponent (i.e.
focal fish); (3) putative hydrodynamic signals produced by the op-
ponent and sensed by the lateral line; and/or (4) potential physical
injuries in escalated phases of the fight (for detailed discussions of
these aspects see: Arnott et al., 2011; Elwood et al., 2014). However,
it has been shown recently that visual information alone is sufficient
for zebrafish to assess the social status of conspecifics and to adjust
their behavior accordingly (Abril-de-Abreu et al., 2015), and thus
the visual information available in mirror-fights should be enough
to convey the relevant information for dominance assessment. Inde-
pendently of the relative importance of one or more of the above fac-
tors for fight resolution and for the triggering of the androgen
response, the end result was that mirror-fights were not resolved
in the present study (i.e. the focal fish never gave up fighting), de-
spite the fact that the duration of the behavioral trials used here
was much above the time it typically takes for a dominant–subordi-
nate relationship to be established in a pair of real opponents
(Oliveira et al., 2011).

Although the experimental paradigm used in this study used staged
dyadic interactions in the absence of other conspecifics, in nature fights
occur most probably in the presence of an audience. We have recently
shown thatwhen fighting in the presence of conspecificsmale zebrafish
increase the displaying phase of the fights that take longer to be re-
solved (Cruz and Oliveira, 2015). Thus, it is expected that the androgen
levelsmeasured here are an underestimation of those that would be ob-
served in the presence of an audience. Indeed, in another teleost species
(Siamese fighting fish, B. splendens) KT levels in real opponent fighters
are much higher when the interaction occurs in the presence of a
male audience (Dzieweczynski et al., 2006).

Given the gregarious nature of zebrafish it could be predicted that
the isolation condition, used here as a control, would increase stress
and HPI axis activity in relation to the social treatments. Although this
is a reasonable prediction that has been confirmed in other social tele-
osts (e.g. cichlids, Galhardo and Oliveira, 2014), it should be noted
that in this study we did not compare isolated fish with shoaling fish,
but rather with fish engaged in fighting interactions after being socially
isolated. Thus, our social treatments (i.e. fights) are predicted to elicit a
higher stress response than that observed in the isolated control fish. In-
terestingly, the measures of cortisol taken to assess social stress during
social challenges indicate that only Winners of real opponent fights
have increased cortisol when compared either to controls or to
Mirror-fighters. Both Losers of real opponent fights and Mirror-
fighters also increased their cortisol levels but these were not higher
than the levels observed in socially isolated fish. Thus, in acute social in-
teractionsWinners seem to incur in higher social stress than Losers. This
result contrasts with the higher cortisol levels observed in both domi-
nant and subordinate individuals of long-term interactions (5 days),
when compared to control levels in non-interacting fish (Pavlidis
et al., 2011). This difference between the cortisol response to acute vs.
chronic social challenges may reflect an earlier stress response experi-
enced by dominants during hierarchy formation, that only later on is
also experienced by losers. If this is the case it represents a metabolic
cost for the establishment of social status that may have fitness
consequences.

Due to its small size zebrafish provides very small amounts of plas-
ma (ca. 5 μl of plasma are collected from a 2.5 cm standard length
fish). Thus, in this study we have assayed steroid hormone levels from
whole-body homogenates. This is a common procedure when assaying
hormones in small fish and it has been used previously in zebrafish to
measure cortisol responses to stressors (Barcellos et al., 2007; Cachat
et al., 2010; Fuzzen et al., 2010; Pottinger and Calder, 1995; Ramsay
et al., 2006, 2009). Interestingly, whole-body cortisol measures respond
not only to chronic but also to acute stressors, hence suggesting that
whole-body steroid measures capture transient changes in steroid
levels. Therefore, despite the fact that the “Challenge Hypothesis” has
been proposed to explain socially-driven changes in circulating andro-
gen levels, the same prediction may apply to transient changes in
whole-body measures. However, when using whole-body androgen
levels, it should be kept inmind that the levelsmeasured donot only re-
flect circulating hormones but also those present in steroidogenic tis-
sues such as the gonads, the inter-renal gland or the brain (Oliveira
and Gonçalves, 2008), and that not all gonadal and/or brain androgens
are released in circulation, such that a fraction of them may have local
rather than systemic action. This could make the use of whole-body an-
drogen measures problematic for testing predictions of the “Challenge
Hypothesis”. However, at least in the case of gonadal androgens,
which most probably are the major source of the whole-body mea-
sures, a correlation is known to exist between gonadal and circulat-
ing plasma levels in other teleost species (e.g. peacock blenny,
Salaria pavo, Oliveira et al., 2001). Thus, it is reasonable to consider
whole-body androgen levels as a proxy for circulating levels in
small sized species. It is also important to note here that other indi-
rect androgen measures have also been widely used to test predic-
tions of the “Challenge Hypothesis” and/or to characterize socially
driven changes in androgens in general (e.g. fish holding-water:
Hirschenhauser et al., 2004; urine in fish and primates: Aires et al.,
2015; Muller and Wrangham, 2004; Oliveira et al., 1996; or feces in
birds and primates: Cristóbal-Azkarate et al., 2006; Hirschenhauser
et al., 2000; Muehlenbein et al., 2004). Finally, it should also be men-
tioned that despite the fact that our group has recently developed a
non-invasive method to assay steroids from zebrafish holding-
water (Félix et al., 2013), we decided not to use it here because al-
though it is reliable for cortisol its effectiveness for measuring sex
steroids is compromised by the presence of binding globulins in the
gills that have a high affinity for them (Miguel-Queralt et al., 2004;
Miguel-Queralt and Hammond, 2008).

In summary, this study confirms the occurrence of a highmagnitude
[as indicated by the high effect sizes, i.e. N0.8 (Cohen, 1988) of the re-
ported significant results] androgen response to an acute social chal-
lenge in a shoaling species, which supports an extension of the
predictions of the “Challenge Hypothesis” to gregarious species.
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