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When an individual ascends in dominance status within their social
community, they often undergo a suite of behavioural, physiological and
neuromolecular changes. While these changes have been extensively charac-
terized across a number of species, we know much less about the degree to
which these changes in turn influence cognitive processes like associative
learning, memory and spatial navigation. Here, we assessed male Astatotila-
pia burtoni, an African cichlid fish known for its dynamic social dominance
hierarchies, in a set of cognitive tasks both before and after a community
perturbation in which some individuals ascended in dominance status. We
assayed steroid hormone (cortisol, testosterone) levels before and after the
community experienced a social perturbation. We found that ascending
males changed their physiology and novel object recognition preference
during the perturbation, and they subsequently differed in social compe-
tence from non-ascenders. Additionally, using a principal component
analysis we were able to identify specific cognitive and physiological attri-
butes that appear to predispose certain individuals to ascend in social
status once a perturbation occurs. These previously undiscovered relation-
ships between social ascent and cognition further emphasize the broad
influence of social dominance on animal decision-making.

This article is part of the theme issue ‘The centennial of the pecking
order: current state and future prospects for the study of dominance
hierarchies’.
1. Introduction
Across diverse taxa individuals use cognitive processes like associative learning,
memory and spatial cognition to successfully traverse their social surroundings.
To display the appropriate behaviour in the relevant social context (known as
social competence, [1]) often requires cognition: the mechanisms by which
animals acquire, process, store and act on information from the environment
[2–4]. Individual variation in behaviour, particularly along bold–shy/fast–
slow/high exploration–low exploration axes, are common across taxa and can
relate to cognitive performance [5–9]. From a cognitive perspective, this behav-
ioural variation can influence how individuals approach cognitive tasks (e.g.
decision speed, sampling), known as cognitive style [10]. Recent efforts have ident-
ified how cognitive style and cognitive performance correlate [10–12]. However,
some studies observe a positive relationship between fast exploratory styles and
learning performance [8], while others observe a negative relationship [6,13], and
yet others find no relation to performance [14]. This variation can arise from
social factors (such as sex, [15]), and can have significant ecological consequences:
for example, a bold/fast/exploratory individual may be the first to find a food
source or mating opportunity, but also may be more likely to be targeted by a
predator. These frameworks are often viewed through the lens of current
versus future reproductive success, where the prioritization of current
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reproductive success manifests as bolder/faster/more
exploratory behaviour [16]. In fact, several recent studies
have demonstrated that behavioural and cognitive variation
affects metrics of fitness like survival [4,13,17].

Despite extensive documentation of cognitive variation at
the species [18–20], individual [19,21,22] and developmental
[21] level, we know less about how cognitive performance
or style change across dynamic social landscapes. Variation
in social dominance status, in particular, is ideally suited to
examine changes in cognitive performance and style, as dom-
inance status is often a dynamic phenotype where
individuals undergo a dramatic cascade of behavioural and
physiological changes when they ascend or descend in
status [23,24]. Upon changing dominance status, individuals
face profoundly different sets of social and ecological press-
ures and constraints and must adjust their behaviour to
perform their new role competently—for example, an indi-
vidual that may have previously fled an aggressive
encounter may instead fight because it now has territory to
defend. Social dominance status also has important conse-
quences for fitness: dominant individuals can monopolize
reproductive opportunities and resources like food and terri-
tories, even though their condition may be decreased [25–27]
and their predation risk may be increased ([28,29], but see
[30]). Subordinate individuals, conversely, may have only
limited access to resources and mating opportunities, yet at
the same time may be less susceptible to attacks from conspe-
cifics or predators. Social stress such as isolation [31], chronic
social defeat [32] or subordination [33] can influence a variety
of behaviours and cognitive abilities, as well as mediate pos-
ition in the hierarchy itself [34,35]. Successfully navigating a
dominance hierarchy often requires cognitive abilities such
as individual recognition, spatial learning of territories and
home ranges, associative learning between aggressive
encounters and individuals and transitive inference to predict
fight outcomes [36–38]. Yet surprisingly few studies have
examined the relationship between dominance status and
cognitive performance in memory and spatial cognition
tasks (but see [39] (dogs), [40] (lizards) and [41] (pheasants)).

The physiological underpinnings of social dominance
have been examined in detail, especially with regards to the
role of sex steroid hormones (for review see [42,43]). In fact,
these hormone systems also modulate cognitive performance
across species and cognitive domains (for review see [44,45]).
In rodents, sex steroids like oestradiol enhance cognitive abil-
ities [46] and testosterone modulates synaptic plasticity and
improves cognitive performance across a variety of tasks
[47–50]. Glucocorticoids are also critical modulators of
social dominance status across species [35,51] and have simi-
larly been shown to affect cognitive performance ([34], for
review see [45]). In Florida scrub-jays, for example, associat-
ive learning and reversal learning are inversely related and
depend on corticosterone exposure early in life [52]. The
role of glucocorticoids both in modulation exploratory behav-
iour and performance on a cognitive task provides a strong
mechanistic link between cognitive style and performance
(as observed in sticklebacks, [53]). Exploring the shared phys-
iological correlates of social dominance and cognition is a
necessary step towards understanding the role dominance
status plays in other dimensions of behaviour such as
foraging, anti-predatory behaviour and dispersal [54].

Investigating how behaviour, physiology and cognition
change during social ascent requires a model system that
exhibits complex yet tractable social hierarchies in the labora-
tory and allows for experimental manipulation of social
plasticity. Burton’s mouthbrooder cichlid, Astatotilapia bur-
toni, a highly social cichlid fish from Lake Tanganyika has
emerged as such a model system in social neuroscience
[23,24]. In this species, males exhibit dominance hierarchies
with a bi-directionally reversible dominant (colourful, terri-
torial) and subordinate (drab, reproductively repressed
gonads) phenotype [55]. Space use varies between dominant
and subordinate A. burtoni, with important consequences for
reproduction. When provided an opportunity to ascend in
status, male A. burtoni immediately begin changing behav-
iour, with physiological and neuromolecular transitions
completing after roughly two weeks [56]. Extensive research
has described the social decision-making processes used by
A. burtoni [36,57,58], but the cognitive processes outside of
social learning have not been examined in detail despite
their critical role in the social ecology of the species [36].

In the present study, we asked how variation in social
dominance status relates to variation in cognition. Specifi-
cally, we examined whether cognitive performance and
style change when individuals ascend in social status, and
whether any such changes are accompanied by changes
in cortisol and testosterone. We characterized changes in
cognition during social ascent in A. burtoni. We first
assessed non-dominant males in a suite of ecologically rel-
evant cognitive tasks: a novel object recognition task, a
spatial maze and a social competence assay. After this initial
testing, we perturbed the natural social community, allow-
ing some individuals to ascend in status. Following this
perturbation, we retested the males to determine if cognitive
performance and behaviour changed in concordance with
social ascent. Both before and after the perturbation we
assayed waterborne hormone (cortisol and testosterone)
levels.

We expected that during social ascent males would
exhibit cognitive, behavioural and physiological changes,
whereas non-ascending males would not. We predicted
ascending males would exhibit more ‘bold/exploratory/
risky’ cognitive styles (detectable via space use patterns,
decision latencies and neophilia) across all three tasks as
they would be prioritizing current reproductive success,
whereas non-ascending males would conversely prioritize
future reproductive success. We expected this would be evi-
dent in our social competence assay, which was divided
into a reproductive opportunity phase followed by a male
challenge phase. Social competence is the ability to modify
in behaviour in response to changing social contexts, so we
predicted high reproductive behaviour (such as reproductive
displays or relative time spent near females) in the reproduc-
tive opportunity phase, and then a change in behaviour once
the male challenger was revealed. We expected the specific
behavioural change would depend on the dominance status
of the focal male, with males who had recently ascended in
their home communities engaging in aggressive behaviour
towards the challenger male, whereas non-ascenders would
avoid interacting with the challenger male. Furthermore,
while there is little literature on sneak copulations and
alternative reproductive tactics [59] in this species (as male
gonads are repressed while in a subordinate state, [60]), we
hypothesized that subordinate males may show higher
rates of reproductive displays and time near females during
the opportunity phase.
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2. Material and methods
(a) Housing and initial community formation
Sixty-four adult male and 64 adult female A. burtoni were used
from a laboratory stock derived from about 400 wild-caught
fish that were collected in 1975 by Fernald & Hirata [55] in the
northern part of Lake Tanganyika, near the Ruzizi River delta.
Given a generation time of four to six months, we estimate that
these fish have been in the laboratory for 90–130 generations.
We maintained fish in mixed-sex communities in 114 l aquaria
prior to testing. Both prior to and during testing, we kept fish
in reverse osmosis water treated with Seachem Lake Tanganyika
salt and bicarbonate buffer. Lights were on a 12 L : 12 D cycle and
we fed fish once daily with Omega One Natural Protein Formula
Cichlid Flakes. We tagged all individuals with coloured plastic
beads for individual identification. One week prior to testing,
we weighed and measured fish for standard length (average
standard length of focal males: 4.78 ± 0.50 cm) and formed natur-
alistic communities (n = 8 replicates) consisting of eight males
and eight females in a circular pool (1 m diameter, 25 cm
depth, lined with a PEVA curtain liner and Spectrastone White
aquarium gravel) and containing four halved terracotta pots
that served as territorial shelters. We video-recorded (Alibi
Security) from above each community every morning immedi-
ately after the lights turned on at 8.00 to determine male
dominance status as either dominant (aggressively defending a
territory and actively courting gravid females), intermediate
(displaying aggressive behaviour without defending a specific
area), or subordinate (shoaling behaviour, no aggressive
behaviour) (electronic supplementary material, table S1).
(b) Experimental timeline
For the first week we allowed the communities to acclimate and
form stable dominance hierarchies. During the second week of
the experiment, we periodically removed individuals from their
community to undergo baseline behavioural and physiological
testing. At the end of the second week (day 15), the community
was socially altered (perturbation)—we removed the largest four
males (note: their behavioural and physiological data is not
reported here). In cases where the community had fewer than
eight total males, fewer males were removed (to always ensure
the post-perturbation community had four remaining males).
While the removal of the dominant males influenced the sex
ratio and total number of individuals in the community, we
emphasize that in this species it is the number of available terri-
tories (which did not change over the course of our experiment)
rather than shoal size that most strongly influences male domi-
nance behaviour. We chose this social perturbation design to
minimize disruption to the social community via new individual
introduction. We resumed behavioural and physiological testing
on the third day after the social perturbation (day 18) and pro-
ceeded through to the end of the experiment (day 22)
(electronic supplementary material, figure S1). The focal males
analysed in this experiment were only those individuals who
remained in the community following the removal of the four
largest males, and no focal male was dominant prior to the
social perturbation.
(c) Novel object recognition task
A novel object recognition (NOR) task requires an individual to
discriminate between a previously encountered object and a
novel one. This paradigm is commonly used in the rodent litera-
ture to assess memory [61,62], but additionally can assess
exploration and neophobia [63]. The ability to remember pre-
viously encountered objects is relevant for A. burtoni, as they
frequently use objects as territorial shelters. In the NOR task
conducted here, we assessed individuals for relative preference
(physical proximity) to a familiarized object versus a novel
object in a 114 l acrylic aquarium filled to a depth of 20 cm
with a central alleyway and two object regions (figure 1a—and
see the electronic supplementary material, figure S2 for dimen-
sions). We used four objects as stimuli in the task. Object pairs
and their roles (familiar versus novel) were counter-balanced
across communities. Prior to testing, we familiarized the entire
community at once (to maintain daily consistency in the timing
of the experimental design) to two identical objects (coined the
‘familiar object’) for 1 h (e.g. A +A). Approximately 24 h later,
we presented each fish individually with a familiar object and
a novel object at the opposite ends of the aquarium (the side of
the familiar object, left or right, was counter-balanced across
communities) (e.g. A + B). Variation in the delay between fam-
iliarization and testing did not influence object preference
before (Wilcoxon rank sum test, W26,25 = 298.5, n = 26, p = 0.621,
Cohen’s D = 0.123) or after (Wilcoxon rank sum test, W4,16 = 34,
n = 16, p = 0.887, Cohen’s D = 0.011) the perturbation. During
the trial, we acclimated individuals in an opaque PVC tube for
1 min then allowed them to swim freely in the apparatus for
12 min. In this apparatus, individuals made an average of 6.5
entries into the central alley (s.d. = 5.9) and spent 8.7% of the
trial in the central alley (s.d. = 13.4). We calculated relative prefer-
ence for the familiar object (NOR familiar preference) as the
relative proportion of time spent at the familiar object to time
spent at the novel object, where a score of 1 means the entirety
of time spent at an object was at the familiar object, a score of
0.5 means equal preference and of 0 means the entirety of time
spent at an object was at the novel object (see [64]). Because pre-
vious literature in this species has shown that male NOR
preference is strongest during the first minute of the task [64],
we additionally calculated preference specifically during the
first minute of the task.
(d) Spatial task
Spatial tasks (mazes) have been extensively used to assess spatial
learning in fishes: see [65] (goldfish), [66] (guppy), [8] (guppy),
[67] (electric fish) and [68] (cichlid). Spatial learning is highly rel-
evant for A. burtoni, as males defend spatially defined territories.
We conducted a spatial task (SPA) in a 57 l acrylic aquarium
filled to a depth of 20 cm. In this task individuals had to
detour around an opaque barrier in one of two directions (left
or right) to reach a social reward consisting of a female in a
clear plastic tube behind one side of the barrier (figure 1b; see
the electronic supplementary material, figure S2 for dimensions),
with an empty plexiglass tube behind the other side as a control
stimulus. No visual or olfactory cues were present, meaning indi-
viduals had to learn and remember which side housed the
reward stimulus. Transit between the rewarded and unrewarded
side required an individual to navigate back out in front of the
barrier, thus creating a penalty for errors. For all trials, we
initially placed individuals in an opaque PVC tube for 1 min to
acclimate to the aquarium, then we allowed them to swim
freely for 12 min. We performed an initial apparatus habituation
trial (using two control stimuli) the day prior to the reward trials.
Following this habituation trial, we assayed individuals in four
rewarded trials over 2 days (in order to adhere to the social per-
turbation schedule), with the reward stimulus present behind
either the left or right barrier, counter-balanced across individ-
uals. Across these trials we used the same reward female
stimulus per individual (excluding rare experimental limit-
ations), and stimulus did not significantly influence any of the
SPA metrics reported. To assess performance we used a pre-
viously employed learning criterion for this assay [64]. The
criterion required successful learners to first approach the
rewarded stimulus in all rewarded trials after the first trial (i.e.
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trials 2–4), thus the criterion was independent of behavioural
metrics such as latency, motivation or exploration. Assessment
of the criterion was based on the binomial probability of this
result occurring by chance [64]. We additionally calculated rela-
tive preference for the rewarded stimuli (reward preference) as
the relative proportion of time spent at the rewarded stimulus
to time spent at the unrewarded stimulus, where a score of 1
means the entirety of time spent near a stimulus was at the
rewarded stimulus, a score of 0.5 means equal preference and
of 0 means the entirety of time spent at an object was at the
unrewarded stimulus (see [64]).
(e) Social opportunity and challenge assay
Social competence is the ability to employ appropriate behaviour
in social contexts and to appropriately adjust behaviour in
response to a change in social context [1]. Multiple experimental
designs assessing social competence have been used specifically
in A. burtoni [69–72]. Here, we developed a novel assay to both
assess social competence and to validate dominance status categ-
orizations based on the naturalistic community observations. The
assay was derived from the resident-intruder paradigm but cir-
cumvented the need to remove the focal individual from the
community for an extended period of time to establish a resident
territory. This novel ‘social opportunity and challenge assay
(SOCA)’ assessed focal male social behaviour in three contexts:
a nonsocial habituation phase (3 min), a reproductive opportu-
nity phase (30 min) and a resident challenge (30 min)
(figure 1c; see the electronic supplementary material, figure S2
for dimensions). In the resident challenge phase, the focal male
is the intruder and is smaller than the resident male, therefore,
the focal male is unlikely to win an aggressive encounter. The
SOCA apparatus, constructed of clear plexiglass, was a hexagon
with each side measuring 32 cm long. We divided the apparatus
into three compartments via removable barriers: a focal compart-
ment (with PVC pipe shelter), a female shoal compartment
housing four females varying in reproductive status and a resi-
dent male compartment housing one large male with a terra-
cotta pot to serve as a territorial shelter. We housed both the
female shoal and resident male in the apparatus to ensure the
resident male was dominant and territorial in the apparatus.
During the habituation phase, we separated all three compart-
ments with opaque (black) plexiglass barriers. During the
opportunity phase, we replaced the opaque plexiglass barrier
between the focal compartment and female shoal compartment
with a transparent one, allowing visual access between the two
compartments. During the challenge phase, we replaced the
opaque plexiglass barrier between the focal compartment and
the resident compartment with a transparent one, allowing the
focal male to see both the female shoal compartment and the
resident challenger male compartment. To record the videos,
we placed a camera level with the apparatus behind the focal
male compartment (i.e. front facing). We recorded focal location
as well as reproductive displays, aggression and activity directly
at the barriers between compartments to determine if individuals
were displaying appropriate social behaviour during the two
social contexts (reproductive opportunity and aggressive chal-
lenge) (electronic supplementary material, table S2). The same
resident challenger male was presented to the focal male before
and after the perturbation, and which resident challenger male
stimulus a focal received did not influence the behavioural
metrics reported.

( f ) Hormone collection and analysis
We collected waterborne hormone measurements from all indi-
viduals immediately prior to the community perturbation (day
15) and on the third day after the perturbation (day 18) following
the procedure described by Kidd et al. [73]. Briefly, to collect hor-
mone samples, we removed the foal male from the home
community and placed him in an autoclaved glass beaker filled
with 200 ml of neutral water. We then covered the beaker with
a box, which minimizes visual stimuli and has a calming effect
on the animals. After 30 min, we removed the individual from
the beaker and the sample was stored at −20°C. Prior literature
has shown that confinement to a beaker (which is required in
this collection procedure as the animal must be in a finite
amount of water) induces a stress response that is habituated
to in 3–4 trials [74], suggesting that this habituation would not
impact our two-trial design. We prepared samples for enzyme-
linked immunosorbent assay (ELISA) analysis via solid phase
extraction using a vacuum manifold (ThermoFisher) and Sep-
Pak C-18 cartridges (Waters). During the extraction, we equili-
brated cartridges with 4 ml of methanol then activated with
4 ml of MilliQ water. Samples were refrozen at −20°C following
extraction. We then eluted samples via 4 ml of ethyl acetate and
stored them at 4°C. We then dried the samples using nitrogen on
an Evap-O-Rac (Cole-Parmer) and stored them at −20°C. Follow-
ing sample preparation, we quantified hormone level using
Cayman ELISA kits (cortisol: 500360, testosterone: 582701) and
standard protocols. Waterborne hormone levels are correlated
with circulating levels [73,74].

(g) Video scoring
We recorded videos taken during the experiment using the Alibi
Security Camera system. Except for the SOCA recordings (front
facing), all observations were recorded overhead (NOR, SPA,
naturalistic community). Four human observers (who had not
conducted the behavioural assays) scored the videos in
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VideoLAN Client (VLC) media player. We scored SOCA videos
via an ethogram developed for the experiment (electronic sup-
plementary material, table S2). We classified males as either
dominant, intermediate or subordinate based on behaviours
observed in the naturalistic community videos (electronic
supplementary material, table S1). Dominant males were cate-
gorized as those who successfully defended a territory (chasing
off other individuals from a consistent location) for greater
than 50% of the video. Intermediate males were categorized as
those who showed sporadic defence behaviour and did not suc-
cessfully defend a specific area. Subordinate males were
categorized as those who showed no defence behaviour, and
additionally could be distinguished by their association with
the female and subordinate shoal. Only males who were success-
fully characterized as dominant, intermediate or subordinate
both before and after the perturbation were included in the
analysis (27 of 32 males). Following the community perturbation,
individuals classified as ascenders were those males who had a
more dominant status on day 18 than they did on day 15. Indi-
viduals classified as non-ascenders either had the same status or
a lower status on day 18 relative to day 15.

We scored NOR and SPA test videos using COWLOG video
scoring software v. 3.0.2 [75], which is a highly consistent scoring
method across multiple observers [76]. We recorded fish location
across predetermined zones of the NOR and SPA experimental
apparatus. For feasibility, in the SOCA assay we recorded
location and behaviour during the 3 min habituation phase, the
first and last 5 min of the opportunity phase and the first and
last 5 min of the challenge phase.
(h) Statistics
We performed all data analysis and visualization in R (R Core
Team 2013) v. 3.6.1 (2019). We used the R package ‘cowlogdata’
to assemble score logs into summary data frames and perform
initial data visualization [77]. We only analysed trials in which
fish were observed for at least 10 min. For continuous data
subset by categorical variables we conducted an unpaired
t-test, unpaired two-sided Wilcoxon rank sum test with continu-
ity correction, Mann–Whitney U-test or Kruskal–Wallis test,
depending on the number of categories and normality (deter-
mined by a Shapiro–Wilk normality test). For entirely
categorical data we conducted χ2-tests or binomial tests as appro-
priate. To correlate continuous data we conducted standard
multiple linear regressions using the formula lm(x1∼ x2) using
the R function ‘lm().’ We calculated effect sizes as either
Cohen’s D using the R function ‘cohen.d()’ in the R package ‘eff-
size’ [78] for categorical data, or as the Pearson correlation
coefficient using the R function ‘cor()’ for continuous data. We
conducted principal component analyses (PCA) on z-scored
data via the R function ‘prcomp’ and subsequent hierarchical
clustering analyses using the R package ‘pvclust’ [79] with dis-
tance metric: ‘correlation’, linkage metric: ‘average’, and
bootstrap values set to 100. To account for collinearity, we
assessed variables included in all data analysis (excluding the
logistic regression models, which we conducted on a more
restricted set of variables) via a covariance matrix prior to further
analysis: any two variables with a Pearson correlation coefficient
above 0.8 in either the baseline testing or the post-perturbation
retesting were considered redundant. Thus, for subsequent
analysis we only included the variable which preserved the
most variables between the baseline and retesting dataset, and,
if necessary, to decide between two equal variables in this
regard, the variable more commonly used in previous literature.
Given prior literature on social ascent in A. burtoni (e.g. [60,80]),
we carried out a retrospective analysis to examine whether indi-
viduals of larger size and/or relatively high testosterone prior to
the perturbation were the ones to ascend. Raw data and analysis
code can be found at github.com/kellyjwallace/Wallace_
Hofmann_2020_status_differences.
3. Results
(a) Cognitive performance before the community

perturbation
In the NOR task, seven males were excluded owing to tech-
nical errors. Males first approached the familiar object
significantly more than expected by chance: 15 of the 20
(75%) subordinate males first approached the familiar object
and five males first approached the novel object (binomial
test, n = 20, p = 0.041, Cohen’s D = 0.25). On the first trial of
the SPA, fish first approach the rewarded and unrewarded
stimuli at equal frequency (χ2-test: χ1

2 = 0.550, n = 23, p =
0.458, w = 0.155), which suggests there are no cues (visual or
olfactory) that informed their decision. On the test trial
(trial 4), individuals still first approached the stimuli ran-
domly (χ2-test: χ1

2 = 0.762, n = 24, p = 0.383, w = 0.178). When
we assessed performance based on the learning criterion
employed in [64], where successful learners were those who
first approached the rewarded stimulus on all trials after
the first trial, only three males met the criterion. In the
SOCA, 10 individuals performed at least one lateral display
(a display performed during territorial competition) and
eight individuals performed at least one reproductive dis-
play. One individual performed 13 lateral displays during
the challenge phase. One individual engaged in five border
conflicts (a highly aggressive territorial challenge behaviour)
during the challenge phase. Males did not exhibit any signifi-
cant differences in behaviour between the opportunity and
challenge phases of the task.

(b) Community perturbation and physiology
After the largest males were removed from the communities,
10 of the remaining males ascended in status within 1–3 days,
17 males did not. Across the eight communities, between 0
and 3 males ascended with an average 1.25 (which is similar
to the natural proportion of dominant individuals in a com-
munity at 10–30%, [25]). When comparing hormone levels
before and after the perturbation, circulating cortisol levels
did not differ when analysed for all males (Wilcoxon rank
sum test: V26,26 = 179, n = 26, p = 0.940, Cohen’s D = 0.220).
However, cortisol level of ascenders were significantly
lower than those of non-ascenders following the perturbation
(Mann–Whitney U-test:W10,16 = 118, n = 26, p = 0.047, Cohen’s
D = 0.876; figure 2a). Similarly, when analysed for all males,
circulating levels of testosterone did not change as a conse-
quence of the perturbation (Wilcoxon rank sum test:
V26,26 = 103, n = 26, p = 0.067, Cohen’s D = 0.453). However,
testosterone levels increased significantly in ascending
males (Wilcoxon rank sum test: V10,10 = 3, n = 10, p = 0.010,
Cohen’s D = 1.120; figure 2b).

(c) Changes in behaviour and cognition across the
community perturbation

In the post-perturbation NOR task, individuals did not first
choose the familiar or novel object more than expected by
chance (χ2-test: χ1

2 = 0.921, n = 20, p = 0.337, w = 0.215), and
their object preference across time did not differ from 50%
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(across the entire task: t-test: t19=−0.877, n = 20, p = 0.392,
Cohen’s D =−0.196, across the first minute of the task;
t-test: t16=−1.012, n = 17, p = 0.327, Cohen’s D =−0.245).
Ascending and non-ascending males did not differ in their
first choice preference (χ2-test: χ1

2 = 1.431, n = 17, p = 0.232,
w = 0.290). Relative to their pre-perturbation baseline, all
males more quickly approached the novel object (t-test:
t7 =−2.412, n = 8, p = 0.047, Cohen’s D =−0.853; figure 3a).
Ascending males significantly decreased their preference for
the familiar object in the first minute of the task (Mann–Whit-
ney U-test: W9,8 = 57, n = 9, p = 0.030, Cohen’s D = 1.500;
figure 3b), whereas non-ascenders did not exhibit a change
in preference (Mann–Whitney U-test: W11,9 = 44, n = 11,
p = 0.785, Cohen’s D = 0.178; figure 3b) relative to their
pre-perturbation baseline.

In the post-perturbation SPA individuals still did not
learn, approaching the rewarded and unrewarded zones
randomly (χ2-test: χ1

2 = 1.000, n = 25, p = 0.317, w = 0.200).
SPA first choice did not differ between ascenders and non-
ascenders (χ2-test: χ1

2 = 1.418, n = 25, p = 0.234, w = 0.238).
Relative to their pre-perturbation behaviour, all individuals
more quickly made a decision (t-test: t24 = 02.916, n = 25,
p = 0.008, Cohen’s D =−0.583), explored more quickly
(shorter latencies to enter the neutral area, Mann–Whitney
U-test: W24,25 = 540, n = 25, p = 1.7 × 10−6, Cohen’s D = 1.811;
figure 4a) and entered the rewarded area more (Mann–Whit-
ney U-test: W24,25 = 184, n = 25, p = 0.017, Cohen’s D = 0.369;
figure 4b). While most individuals entered the reward area
of the post-perturbation SPA task in under 300 s, four ascend-
ing males took much longer (greater than 500 s), which drove
a significant difference between ascenders and non-ascenders
in the post-perturbation SPA task (t-test: t8.4=−2.489, n = 27,
p = 0.036, Cohen’s D = 1.237; figure 4c). Interestingly, this vari-
ation correlated to cortisol: the four ‘slow-reward’ ascenders
(reward latency: 597–786 s) exhibited significantly lower cor-
tisol than the five ‘fast-reward’ ascenders (reward latency: 98–
158 s) (Mann–Whitney U-test: W5,4 = 20, n = 9, p = 0.016,
Cohen’s D = 2.484; electronic supplementary material, figure
S3A), but did not significantly differ in testosterone levels
(Mann–Whitney U-test: W5,4 = 16, n = 9, p = 0.191, Cohen’s
D = 0.687) or standard length (Mann–Whitney U-test:
W5,4 = 18, n = 9, p = 0.065, Cohen’s D = 1.596). Because of the
significant difference in cortisol levels, we hypothesized
that ‘slow-reward’ ascenders may also be slower than ‘fast-
reward’ ascenders to begin exploring the apparatus once
the task began. However, the latency to explore the apparatus
did not differ between the two groups (Mann–Whitney
U-test: W5,4 = 13, n = 9, p = 0.556, Cohen’s D = 0.416; electronic
supplementary material, figure S3B).

In both the pre-perturbation and post-perturbation
SOCA, neither lateral nor reproductive displays were suffi-
ciently frequent to allow for statistical testing, thus we
instead assessed proportion of time spent in the various
zones of the aquarium. In the SOCA following the pertur-
bation, ascenders and non-ascenders diverged in their
overall challenge behaviour relative to their pre-perturbation
baselines: non-ascenders engaged more with the resident
(proportion of time at the resident male barrier), whereas
ascenders engaged less with the resident (t-test: t19.4 = 2.502,
n = 22, p = 0.021, Cohen’s D = 0.851; figure 5a). When compar-
ing across social contexts within the task (opportunity phase
to challenge phase) ascending males increased their associ-
ation with females during the challenge phase relative to
the opportunity phase (Wilcoxon rank sum test: V10,10 = 3
n = 10, p = 0.024, Cohen’s D = 1.173; figure 5b), whereas non-
ascending males did not change their female association
between the opportunity and challenge phase (Wilcoxon
rank sum test: V17,17 = 27, n = 17, p = 0.625, Cohen’s D =
0.125; figure 5c).

(d) Distinguishing ascenders and non-ascenders prior
to perturbation

Even though ascenders were on average larger than the
non-ascenders, this difference was not significant (t-test:
t21.3 =−1.863, n = 26, p = 0.076, Cohen’s D = 0.727). Ascenders
and non-ascenders did not differ in gonado-somatic index
(GSI, the ratio of gonad mass to body mass, t-test: t15.9 =
0.190, n = 26, p = 0.851, Cohen’s D = 0.081), and GSI did not
significantly correlate to any physiological measure. We
were surprised to find that males who ascended in social
status after the perturbation had significantly lower
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testosterone levels prior to the perturbation (Mann–Whitney
U-test: W16,10 = 128, n = 26, p = 0.010, Cohen’s D = 0.666;
figure 6a). Thus, to examine whether other variables
distinguished ascenders from non-ascenders prior to the per-
turbation, we retrospectively assigned all pre-perturbation
measurements to the appropriate category (that included
variables from the NOR task, SPA task, SOCA task and the
pre-perturbation cortisol and testosterone levels) and con-
ducted a PCA. The PCA identified four axes that explained
greater than 10% of the variance each and together explained
51.3% of the variance (figure 6b). PC1 explained 16.5% of the
variance and was loaded most strongly by variables from
multiple assays as well as by cortisol (centre column,
figure 6e). Interestingly, PC1 scores significantly differed
between ascending and non-ascending males (Mann–
Whitney U-test with false discovery rate correction (4):
W15,9 = 15, n = 24, p = 0.004, Cohen’s D = 1.145; figure 6c,d ),
even though the variables that loaded most strongly on this
PC were all those assessed prior to the perturbation. To ident-
ify variables that shared loading patters across the PC axes,
we conducted a hierarchical clustering analysis (see dendro-
gram in figure 6e). This analysis identified two well-
supported clusters: cortisol and SPA exploration, and SOCA
challenge behaviour during the two phases of the task (high-
lighted in boxes, figure 6e). The analogous PCAs on the post-
perturbation measurements and on the change between pre
and post measurements did not yield any significantly differ-
ent PC axes or well-supported clusters.
4. Discussion
Social dominance systems are highly dynamic environments
that require individuals to make appropriate decisions (e.g.
approaching or avoiding certain conspecifics, assessing risks
and rewards, remembering past encounters). Here, we
twice assessed male A. burtoni (a cichlid fish that exhibits
dynamic dominance hierarchies) in three tasks designed to
test novel object recognition, spatial learning and social com-
petence. We administered the tasks first when the focal males
were non-dominant, and then re-administered the tasks after
a community perturbation in which some of the focal males
had ascended in social status and some had not. Testosterone
levels significantly increased in males that ascended to dom-
inance status following a perturbation, as expected [60,80],
thus validating our paradigm and behavioural characteriz-
ation. We identified concordant changes in cortisol,
testosterone, novel object preference, SPA cognitive style
and social competence in ascending males. We additionally
were able to identify individual and multivariate signatures
predictive of social ascent even prior to the social pertur-
bation. These results demonstrate that investigations of
cognition outside social contexts can provide powerful and
potentially even predictive insight into dominance status in
this highly social species.

(a) Novel object recognition preference in ascenders
When analysing all males prior to the perturbation, there was
a significant preference in the object first approached, reflect-
ing memory of the familiar object. Furthermore, ascending
males exhibited meaningful changes in NOR preference
during the social perturbation. Prior to perturbation, males
that later ascended showed a strong preference for the fam-
iliar object during the first minute of the trial. However,
when reassessed following the perturbation (with a new
object pair), these males significantly decreased that prefer-
ence, instead exhibiting a modest preference for the novel
object. In raven dyads, novel object approach varies by repro-
ductive context. In a non-reproductive context (male–male
pairs) subordinate males are the first to approach a novel
object, but in a reproductive context (male–female pair), it
is the dominant males who first approach a novel object
[81]. Similarly, we hypothesized that the change in novel
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object preference observed in A. burtoni may reflect a shift
towards a reproductive context. In natural communities of
A. burtoni, dominant males seek and aggressively defend ter-
ritories by chasing other individuals away [57]. A shift in
preference towards the novel object may reflect territory-seek-
ing behaviour. The ascending males’ change in preference
towards the novel object in the NOR task also supports our
original hypothesis that ascending males shift towards a
bolder or more risky cognitive style that prioritizes current
reproductive success [16], but further investigation is needed.

(b) Cortisol and spatial task reward speed
Studies in both meadow voles [82] and pheasants [41] have
found that dominant males exhibit greater spatial learning
ability, though this can vary by mating system [83]. We did
not observe any differences in the SPA between ascending
and non-ascending A. burtoni, though this was probably
owing to the task design as very few males met the learning
criterion. When comparing before and after the perturbation,
we did observe behavioural changes in the SPA. We had
hypothesized that changes in behaviour and physiology
would occur primarily in ascenders, but most of the changes
in the SPA after perturbation were seen broadly across all
individuals (quicker exploration, more entries into the social
reward). While this broad change may be partially explained
by increased familiarity with the assay, one post-perturbation
SPA measurement distinguished ascenders and non-ascen-
ders: the speed at which they entered the reward area.
While most individuals entered the reward area quickly in
the reassessment, a cluster of ascending males showed
much longer latencies to enter the reward area. Interestingly,
these same ‘slow-reward’ ascenders exhibited significantly
lower cortisol than ‘fast-reward’ ascenders. Importantly, this
relationship was not driven by the latency to explore the
apparatus (a proxy for exploration, stress or anxiety), as the
two groups did not differ in this measure. Changes in
glucocorticoids influence hippocampal function across a var-
iety of taxa [45,84,85], which provides a possible explanation
as to why we observed this pattern in a spatial memory task.
However, the relationship between glucocorticoids and cog-
nition is complicated, and varies by dose, duration and
development [45]. Our results provide additional insight
into this relationship, suggesting glucocorticoids may influ-
ence not only cognitive performance but also cognitive
style. However, without further experimentation to confirm
the underlying process driving this pattern in A. burtoni (be
it motivation, cognitive flexibility, general boldness/explora-
tory tendencies or another unidentified component), we
cannot definitively contextualize our results. We highly rec-
ommend future experiments manipulate cortisol and
observe effects in a spatial maze assay, as the link between
spatial learning and stress has been previously explored in
this species [68], and reflects the results seen in this study.
More generally, the role of glucocorticoid signalling in
cognition is certainly worthy of further exploration as the
mechanistic link between social dominance and spatial
cognitive performance/style.
(c) Diverging social opportunity and challenge assay
behaviour post-perturbation

When assessed in the SOCA task following the perturbation,
ascending males exhibited social competence by changing
behaviour across social contexts (i.e. the phases of the task).
But non-ascenders’ lack of behavioural changes in this same
task may not necessarily signal a lack of social competence,
rather, non-ascenders may have not engaged in any challenge
behaviour whatsoever owing to a subordinate floor effect.

When viewing the SOCA task generally (rather than com-
paring specific phase changes), the challenge-associated
behaviour of ascenders and non-ascenders diverged post-
perturbation, in the opposite direction from what we
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originally expected. When comparing to pre-perturbation
scores, non-ascenders spent more time near the resident
male whereas ascending males spent less time near the resi-
dent male. One might intuitively expect that during the
post-perturbation SOCA ascending males would respond
vigorously to this kind of aggressive challenge. However, it
is important to keep in mind that ascending males did not
have any territory to defend in the assay itself, even though
they were territorial in their home communities. Thus they
may not have been highly motivated to engage with the resi-
dent male in this paradigm. In fact, ascending males spent
more time affiliating with females during the challenge
phase of the experiment, whereas non-ascenders showed no
behavioural modulation. Why might ascending males, who
have recently attained dominance in their home community,
engage less with a resident challenger relative to their consist-
ently subordinate counterparts? It is possible that these
ascending males are prioritizing reproductive opportunities
(i.e. attempting to engage in sneak copulations, [59]) over
engaging with a resident dominant male. In other words,
ascending males may have shifted towards behaviours
that emphasize current reproductive success, focusing on
reproductive-oriented though potentially risky behaviours.
One additional consideration is the timing of this assay:
here we are capturing changes in males at the early stages
of social ascent. It is likely that assaying stable dominant
males in this paradigm would yield more robust behaviour-
al results, and we encourage the use of this novel assay in
future exploration of stable dominance (as well as social
descent).

(d) Predictive signatures of social ascent prior to
perturbation

Our experiment was not designed to specify a priori which
individuals would ascend to dominance after social pertur-
bation. Instead, we created a naturalistic environment
where some fish spontaneously ascended and some did
not. There are factors that have previously been shown in
A. burtoni to ‘predispose’ individuals to ascend in social dom-
inance under these circumstances (e.g. relative size: [58];
covert aggressive displays towards other subordinate males:
[72]). Without further experiments (e.g. physiological manipu-
lation to simulate ascension, scenarios where every focal
ascends, etc.) we cannot disentangle these associated variables
beyond a correlational level. In our experiment, we were sur-
prised to find that males which ascended after the
perturbation exhibited lower circulating levels of testosterone
than non-ascenders prior to the perturbation. While subordi-
nate males generally have low circulating levels of
testosterone compared with dominant males (e.g. [80]; but
see [86]), it is possible that the low testosterone individuals
are better able to ‘capitalize’ on a social opportunity in this
highly dynamic social environment, as their testosterone
levels could rise relativelymore before reaching a physiological
maximum [43,86].

The difference in testosterone levels prior to perturbation
between eventual ascenders and non-ascenders prompted us
to retrospectively examine the pre-perturbation data more
systematically. Indeed, PCA clearly separated eventual ascen-
ders from non-ascenders. Importantly, this difference was
driven by a broad suite of both physiological and behavioural
variables across tasks. When clustering variables by their
eigenvalues, we discovered a robust cluster linking cortisol
and exploration in the spatial maze, again highlighting corti-
sol as a potential mechanistic link between social dominance
and spatial cognitive performance/style. Of particular inter-
est, we observed that males which eventually ascended in
social status (after the perturbation) also displayed a very
high preference for the familiar object in the NOR task.
This result is consistent with our prior research showing a
male preference for the familiar object [64] and additionally
suggests that individuals that score high on this measure
are poised to take advantage of a social opportunity. While
the cognitive processes required for social dominance have
been described in detail [1,36], much of the literature on cog-
nitive predictors of social dominance focuses on predicting
the outcomes of specific aggressive encounters (including
an individual’s own perception of the social encounter)
[37,87]. Our study instead explored the cognitive and behav-
ioural predictors of longer term social dominance structures,
and in doing so we identified several novel attributes that
might predispose males to become socially dominant when
an opportunity presents itself.
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(e) Additional considerations
In the pre-perturbation NOR task, our subjects exhibited slight
but non-significant preferences for the familiar object. In the
pre-perturbation SOCA task we did not see any significant
changes across social context (i.e. between the opportunity and
the challenge phase). For both NOR and SOCA, we conclude
that the experimental designs are the most appropriate when
assessing males that vary in dominance status, but we did not
have this social variation before the perturbation as all individ-
uals were subordinate. Faster performance in the post-
perturbation SPA reassessment suggests that males learned the
association component of the task but did not learn the spatial
discrimination aspect, probably because our training regime
(designed to fit within the social perturbation schedule)
provided relatively little time.

In addition to the assay optimization to facilitate spatial learn-
ing, the experiment and results described here identify many
promising avenues for more targeted further analyses. Because
of the timeline of this experimental design, our work focused pri-
marily on the effects of the acquisition of dominance. This is
probably why the observed testosterone levels did not (yet)
significantly differ between ascenders and non-ascenders, as we
were capturing the early stages of the physiological transition
(similar to the findings by [60,80]). If we were instead to assess
established dominant males, we probably would find more
robust differences across the tasks. Additionally, our results
encompassed community-level variation in dominance structure
(e.g. in some communities only one male ascended, whereas in
others three of the four males ascended) as well as a change in
sex ratio during the perturbation (before: eight male/eight
female, after: four male/eight female). Additionally, in A. burtoni
males, changes in social status are accompanied by changes in
gonadal and somatic growth [25]. These finer-scale community
level and physiological dynamics probably shape behaviour
and cognition and are critical areas of further exploration.

Lastly, social dominance is only one of many social phe-
notypes that may drive cognitive variation. For example,
we have previously demonstrated sex differences in cognition
in A. burtoni [64]. Future work should determine whether and
how cognitive performance changes over the course of a
female’s reproductive cycle (e.g. [88]) and across the breeding
season in males (e.g. [89]).
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5. Conclusion
Understanding social decision-making involves simultaneously
investigating changes in an animal’s behaviour, physiology and
environment [54]. Social ascent elicits a dramatic suite of
changes across biological levels. Here, we examined how a
change in social dominance influences cognition in the highly
social cichlid fishA. burtoni.We assessed cognitive performance
before and after social ascent. We additionally detailed behav-
ioural and physiological characteristics. We identified a
comprehensive set of relationships between social ascent,
novel object preference, SPA decision speed and levels of corti-
sol and testosterone.We based our hypotheses and expectations
on the natural history ofA. burtoni, and subsequently discussed
potential avenues of additional investigation. To better under-
stand the ecological trade-offs, behavioural variation and
mechanistic underpinnings that together shape cognition in a
social world, it is necessary to systematically examine the
relationship between social phenotype (e.g. dominance status,
sex, reproductive status, mating strategy, home range size) and
cognition across diverse taxa.
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