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The number, duration and depth of social relationships that an individual maintains can impact social cognition,
but the connection between sociality and other aspects of cognition has hardly been explored. To date, the link
between social living and intelligence has been mainly supported by studies on primates, and far fewer tests
connecting sociality to cognitive abilities have used other taxa. Here, we present the first comparative study in
fishes that examines whether complex social living is associated with better performance on a cognitively
demanding spatial task. Using three cooperative, group-living cichlid fish species and three of their noncooperative, more solitary close relatives, we studied maze learning and employed a new statistical extension
for the ‘lme4’ and ‘glmmTMB’ packages in R that allows phylogeny to be included as a random effect term.
Across trials, the three cooperative and the three non-cooperative species completed the maze faster, made fewer
mistakes, and improved their inhibitory control. Although fish improved their performance, we did not detect
any differences in the extent of improvement between cooperative and non-cooperative species. Both the
cooperative species and the non-cooperative species took similar amounts of time to complete the maze, had
comparable numbers of mistakes, and exhibited similar inhibitory control while in the maze. Our results suggest
that living and breeding in complex social groups does not necessarily imply enhancement of other forms of
cognition nor, more specifically, an enhanced spatial learning capacity.

1. Introduction
Many animals are “asocial” and live with or interact with other individuals for only a short period of their lives (e.g. while mating or
caring for young), while others spend their entire lives with the same
relatively stable group of individuals (Kutsukake, 2009; Ward and
Webster, 2016). The Social Intelligence Hypothesis posits that animals
living in conditions with greater social complexity have evolved
enhanced cognitive abilities to cope with the difficulties of social life
(Byrne, 1994; Byrne and Whiten, 1988; Holekamp, 2007). Some versions of the Social Intelligence Hypothesis suggest that social living favours
social cognition specifically, while other versions argue that social living
has a broader impact on cognition (Byrne and Whiten, 1988; Whiten and
Byrne, 1997; Whiten, 2000). Much work has been done to investigate
the relationship between social complexity and brain size evolution;
however, the critical cognitive mechanisms that co-evolved with
group-living and enable a highly social lifestyle have not received the
same attention (Ashton et al., 2018; Johnson-Ulrich, 2017; Kummer
et al., 1997; Reader and Laland, 2002).

The most tightly knit and well-coordinated group-living species are
cooperatively breeding animals. In cooperatively breeding social
groups, subordinate group members aid dominant group members in the
care of the dominant’s young (Solomon and French, 1997). Researchers
have argued that cooperative breeding requires that individuals recognize their own group-members, remember past interactions, and use this
information to inform future behaviour (Iwaniuk and Arnold, 2004;
Reddon et al., 2016; Thornton and McAuliffe, 2015). Hence, social
memory and cheater detection (the ability to discern whether
group-members are performing tasks that benefit the group) are thought
to be important cognitive traits in the evolution of cooperation (Burkart
and van Schaik, 2010; Dugatkin, 2002; West et al., 2007). Cooperative
breeding also requires the formation of strong and stable social bonds
and the ability to resolve conflict within a group (Balshine et al., 2017;
Hick et al., 2014; Reddon et al., 2019). A hypothesis known as the
Cooperative Breeding Hypothesis suggests that social challenges are
especially pronounced in cooperatively breeding groups, as these animals often live in strict hierarchies for which they must remember their
relative rank, and monitor the rank and contributions of others (Burkart
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and van Schaik, 2010; Iwaniuk and Arnold, 2004; Thornton and
McAuliffe, 2015). Thus, according to this second hypothesis, cooperative breeders are expected to have highly developed socio-cognitive
abilities (Burkart and van Schaik, 2016). Our aim was to investigate
whether the enhanced socio-cognitive ability expected to develop in
highly social species according to the Cooperative Breeding Hypothesis,
might also extend to other domains, giving these highly social species an
advantage when performing other cognitive tasks.
Spatial navigation is one such cognitive task and is a key requirement
for foraging, migration and predator avoidance; activities that are
directly linked to fitness and can have a social component (e.g. local
enhancement in foraging; Burns and Rodd, 2008; Fagan et al., 2013;
Fukumori et al., 2010; Pravosudov and Roth, 2013). The degree of
habitat complexity that an animal needs to contend with is known to
shape the brain (Carbia and Brown, 2019). In small mammals, like North
American sciurids (e.g. squirrels), arboreality is the best predictor of
relative brain size and is highly correlated with habitat (Budeau and
Verts, 1986). In fishes, examples linking brain and habitat come from
cichlid fishes, where species inhabiting structurally complex underwater
environments often have larger telencephalons (Ectodini clade; Pollen
et al., 2007), and the same has been shown for sunfish (Lepomis gibbosus;
Axelrod et al., 2018), and sticklebacks (Pungitius pungitius; Gonda et al.,
2009). The telencephalon is part of the teleost forebrain, and hosts the
lateral telencephalic pallium, an area thought to represent the fish homologue of a hippocampus—the brain structure implicated in spatial
learning and memory of mammals and birds (Durán et al., 2010;
Rodrıguez et al., 2002; Vargas et al., 2009). Studies that lesion or ablate
part of the telencephalon in fishes confirm its prominent role in spatial
learning (Broglio et al., 2003; Riedel, 1998), but the telencephalon is
also involved in the regulation and expression of social behaviour (Flood
and Overmier, 1981; Scace et al., 2006). Although the role of habitat
complexity in sculpting the fish brain is well established (Gonda et al.,
2009; Kotrschal and Taborsky, 2010; Salvanes et al., 2013; Strand et al.,
2010; White and Brown, 2015), little is known about how the demands
of complex group-living (i.e. social complexity) might shape the fish
brain. Also, cognitive differences or advantages might not manifest as
visible changes in brain morphology or brain size, which makes understanding the connection between social complexity, and other
cognitive abilities like spatial cognition, particularly difficult.
Sex also impacts the brain through differential expression of key
hormones such as testosterone and estrogen, which have implications
for things like motivation (Becker and Taylor, 2008) and metabolism
(Hewitt et al., 2003), and consequently behaviour and/or cognition. In
humans, for example, males often outperform females on dynamic
3-dimensional spatial tasks and these sex differences are attributable to
proximate biological mechanisms (e.g. sex hormones) and developmental mechanisms (e.g. play patterns; Geary, 1995). Recent research
suggests that differences in wayfinding and navigational strategies in
humans are further influenced by environment and experience (Livingstone-Lee et al., 2014), and that females are better able to use mapping strategies (allocentric methods i.e. remembering elements in the
environment, allowing the formation of real-world representations) in
order to effectively navigate their environment. That said, multiple
strategies are used in tandem and are frequently switched, integrated,
and combined (Fernandez-Baizan et al., 2019). In fishes, a number of
previous studies have found sex differences in performance during
spatial challenges (in the guppy Poecilia reticulata, Reader and Laland,
2000, in the cichlid Astatotilapia burtoni, Wallace and Hofmann, 2021, as
well as other fish species, Costa et al., 2011). However, sex differences in
non-spatial tasks are seldom observed (e.g. discrimination of food
quantities, object recognition memory; Lucon-Xiccato and Bisazza,
2017a; 2017b). Similar to humans, sex differences in the use of navigational strategies have also been described in a number of fish species
(Salena et al., 2021). As such, we might expect to find sex-specific differences in spatial abilities for other fishes.
Here, we describe a comparative study that assessed whether spatial

learning and memory performance differed between three cooperatively
breeding cichlid fish species and three of their non-cooperative relatives,
and further investigated for sex differences. All six species were Lamprologini cichlids, a tribe of fish from Lake Tanganyika in Africa (Day
et al., 2007) and a clade that has evolved group-living and cooperative
breeding on five separate occasions (Dey et al., 2017; Reddon et al.,
2017). While many Lamprologini species live in social groups, rely on
conspecific group members for protection and cooperate to raise young,
other closely related Lamprologini species rarely interact with conspecifics (apart from their mated partners or with a neighbour during a
territorial standoff). These less social species do not cooperate, nor do
they form permanent groups (Balshine et al., 2017; Hick et al., 2014).
Using a maze learning paradigm with repeated trials to assess spatial
learning and memory, we tested the following six territorial Lamprologini cichlids: the three cooperatively breeding cichlid species were
Neolamprologus pulcher, Neolamprologus multifasciatus and Julidochromis
ornatus, and the three non-cooperative species were Telmatochromis
temporalis, Altolamprologus compressiceps and Neolamprologus tretocephalus (see Supplementary Fig. 1 for additional details on the evolutionary relations of these species and the morphological measures of the
individuals used). These fishes have fairly comparable habitats, and can
all be found in shallow rocky areas of Lake Tanganyika (Barlow, 2008;
Brichard, 1989; Konings, 1998). Hence, these closely related but socially
diverse species offer a powerful model system to explore how social
living molds the brain and cognitive abilities.
We hypothesized that the cooperative species would initially
outperform the non-cooperative species, and improve more or get faster
over repeated trials. We reasoned that because cooperatively breeding
species must cope with the cognitive demands of social life, this lifestyle
might make them better problem solvers in other aspects of cognition,
and lead to enhanced spatial performance in the maze. Furthermore,
because animals that live in groups often subdivide their territories to
avoid conflict over space-use (Effenberger and Mouton, 2007; Schradin
and Lamprecht, 2002; Werner et al., 2003), we posited that group-living
and cooperatively breeding species may require a more detailed delineation of their territorial space—to adhere to their individual
sub-territories. Thus, we expected that this would lead to better spatial
performance in the cooperative species. Additionally, in many cichlids
including N. pulcher, males have larger home ranges and disperse sooner
and faster than females (Stiver et al., 2007; Desjardins et al., 2008; Wong
et al., 2012) and we therefore predicted that males across all six species
would complete the maze faster than females.
2. Methods
2.1. Animals and housing conditions
All fish were housed in the Aquatic Behavioural Ecology Laboratory
at McMaster University, Hamilton, Ontario, Canada. Morphological information regarding our study specimens can be found in the supplementary material (see Supplementary Tables 1 and 2). N. pulcher and T.
temporalis were the descendants of wild caught fishes from Lake Tanganyika, Africa, while N. multifasciatus, A. compressiceps, J. ornatus and
N. tretocephalus were purchased from a commercial aquarist supplier
(Finatics, Mississauga, Ontario, Canada). Prior to the experiment, fishes
were held in mixed-sex stock tanks equipped with filters, heaters, coral
sand substrate, terracotta flowerpot halves and opaque PVC tubes (10
cm in diameter and 25 cm in length) provided as shelter. N. pulcher, T.
temporalis, A. compressiceps, and J. ornatus were held in 568 L tanks
containing approximately 40 individuals per tank and N. multifasciatus
and N. tretocephalus were held in 189 L tanks with approximately 20
individuals per tank. These stock tanks and our experimental tank with
the maze (see below) were all maintained at 25–28˚C and under a
12L:12D photoperiod. Fish were fed a diet of flakes and floating pellets
six times per week, with occasional supplementation of brine shrimp.
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2.2. Spatial learning trials

before the sliding front door was removed remotely. After the door had
been removed, fish were then given a maximum of 5-minutes to leave
the start box. If the fish had not left the start box after 5-minutes, the box
was remotely lifted out of the tank from the back, and the fish were
tipped out and forced to leave the start box. Once the focal fish left the
start box, on its own volition or by being forced to exit when the box was
removed, each fish then had a maximum of 2-hours to navigate the maze
and reach the completion zone containing the group of conspecifics.
Forced exits occurred in 2/15 N. pulcher trials, 2/11 T. temporalis trials,
12/23 N. multifasciatus trials, 7/18 A. compressiceps trials, 3/12 J.
ornatus trials and 14/16 N. tretocephalus trials. Upon reaching the
completion zone, re-entry into the maze was blocked off with an opaque
barrier. The maze apparatus was then lifted and reversed in the tank, so
that for the next trial, the maze was oriented in the opposite direction to
how it had been on the previous trial. By reversing the maze apparatus,
the focal fish could traverse the maze in the opposite direction while still
experiencing the same layout as it had on the previous trial without
requiring that it return to the original start zone. The cylinder containing
the stimulus fish was lifted and placed at the opposite end (the previous
start zone was now the new completion zone for the next trial). If after 2hours (the trial maximum time) the fish had not yet completed the maze,
the fish was gently guided to the completion zone using a hand net, and a
barrier was placed so that the maze direction could be reversed and the
cylinder side could be switched as described above, while the fish was
occluded. The maze water was mixed between trials. Also, between
trials 1–2 and 2–3, the focal fish was given 30-minutes to acclimate in its
new start zone before the barrier was lifted and the fish were once again
able to access the maze. Each focal fish had the opportunity to explore
the maze three times in total.

In preparation for the experiment, each focal fish was captured from
that species’ respective stock tank by being gently guided with a hand
net into a start box. The start box was a black PVC tube closed off
permanently at one end, with a sliding door attached to a pulley at the
other end. The focal fish in the start box was always placed at one end of
the maze, in the start zone ( Fig. 1a). Three conspecifics from a different
mixed sex stock tank (and therefore unknown to the focal individual)
were also captured at random and placed in a perforated transparent
PVC cylinder (11 cm in diameter and 32 cm in length) at the opposite
end of the maze, in the completion zone. The random selection of
stimulus fish meant that the sex ratios of these groups were not
controlled and hence differed among focal fish, and species. The transparent PVC tube and its perforations allowed for the exchange of water
between the cylinder containing conspecifics and the aquarium, and for
visual, olfactory and acoustic cues to pass between the focal and stimulus fish. The fish were run repeatedly through the maze, which had a
similar layout to mazes used in other studies (Girvan and Braithwaite,
1998; Lucon-Xiccato and Bisazza, 2017b), and which sat inside a 189 L
(89 × 50 x 50 cm) aquarium. The maze was constructed using both
opaque and transparent PVC and contained a series of transparent PVC
barriers (5 cm wide) running down in the middle section of the maze.
These transparent barriers down the middle allowed the focal fish to
view the mixed sex stimulus group (in the completion zone) in each
section of the maze. The maze also had opaque PVC barriers and one
correct open route that led to the completion zone (Fig. 1b) as well as
blind alleys and false openings or dead-ends. When fish entered these
dead-end corridors, they were considered to have made a wrong turn or
a mistake. The maze had four compartments: a start zone, two intermediate zones (zones 1 and 2), and a completion zone. Each of these
zones were identical in size (16 cm in length).
After being placed in the start zone, each focal fish was given 1 h to
recover from capture and transport, and to acclimate in the start box

2.3. Quantification of behaviour
Trials were video recorded from above with a Canon HF R80 camera.
The camcorder was controlled remotely, and the experimenter was able
to monitor the progress of the focal fish after they had left the room. We
scored the videos using BORIS, a behavioural observation scoring software (Friard and Gamba, 2016) and recorded the latency to leave the
start box, as well as the time until the focal fish reached zones 1 and 2
and the completion zone. We also noted the number of times that each
fish entered a dead-end corridor and classified each entry as a mistake.
Finally, as a measure of inhibitory control, we recorded the number of
times that each fish would swim directly into the transparent barriers
that ran down the middle of the maze, where each distinguishable forward movement made towards the barrier was counted and tallied. The
term inhibitory control describes an individual’s ability to resist an urge
or inhibit a behavioural propensity to obtain a reward, and is an
increasingly common measure of cognitive ability (Brandão et al., 2019;
Bray et al., 2014) that has recently gained traction in fish studies
(Brandão et al., 2019; Gatto et al., 2018; Lucon-Xiccato et al., 2017). For
each trial, we recorded and continually monitored location until the
focal fish reached the completion zone or when a maximum of 2-hours
had elapsed.
2.4. Statistical analysis
Because individuals that did not complete the maze all three times
did not have the same learning opportunities or experiences as those that
completed the maze three times, data from these individuals without
three runs were removed in the analyses (0/15 N. pulcher, 9/
23 N. multifasciatus, 3/12 J. ornatus, 3/11 T. temporalis, 2/
18 A. compressiceps, and 14/16 N. tretocephalus). However, when all of
the data and individuals were included in the analyses (including individuals who only completed the maze once, twice or three times), the
results were similar and these more inclusive but less conservative results can be viewed and are discussed in the supplementary material (see
Supplementary Fig. 4).

Fig. 1. a. Schematic of the experimental aquarium (bird’s eye view) used for
the maze learning experiment. The black lines represent opaque barriers and the
gray lines represent transparent barriers. The ‘Start’ marks the starting zone and
the ‘Complete’ marks the completion zone. The ‘1’ marks zone 1 and the ‘2’
marks zone 2. The ‘D’ represents dead-end corridors. To access the completion
zone, the fish would need to navigate along the path illustrated in red. b.
Schematic of the experimental aquarium (eye level view). The blue panels
represent transparent barriers through which the focal fish could see the
stimulus group, and the gray panels represent opaque barriers. The white panels
represent openings through which the fish could swim to access a dead-end
corridor or the route through the maze.
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To analyze the relationship between time to maze completion and
each of our predictor variables (social system, sex and trial number) we
fitted linear mixed models (LMMs) using the “lme4” package (Bates
et al., 2015). The time to completion data were log transformed prior to
analyses to meet the assumptions of normality and homoskedasticity.
We included each of our predictor variables and their interaction terms
as fixed factors. Species and individual fish ID were also included as
random effects in each model, because we were not directly interested in
whether there was a difference among species, or individuals, but
wanted to provide some control for these variables. The random effect of
species was used as a phylogenetic control, but the true phylogenetically
controlled models are reported and discussed fully in the supplementary
materials. We constructed GLMMs (negative binomial family) to assess
whether there were differences between cooperative and
non-cooperative species, and between the sexes, in the number of mistakes (i.e. dead-end corridor entry) and the degree of inhibitory control
(i.e. the number of times that a fish swam directly at transparent barriers). All models used the same fixed and random effects. In order to
assess whether the rates of improvement across trials differed between
cooperative and non-cooperative species, and males and females, we
analyzed the two-way interactions between social system and trial, and
sex and trial. Assumptions for the linear mixed models were visually
assessed using quantile-quantile and scale-location plots, while the assumptions for the generalized linear mixed models were assessed by
plotting the simulated residuals with the “DHARMa” package. The effects of each model were evaluated using the Anova function from the
“car” package.
Phylogenetically controlled linear mixed models and phylogenetically controlled generalized linear mixed models were also constructed
using methods described by Li and Bolker (2019). These methods
manipulate the ‘lme4’ and ‘glmmTMB’ packages to include phylogenetic

signal as a random effect term. Importantly, these new methods are
currently limited in their capacity to evaluate changes between trials,
have not yet been used widely, and the patterns of results for these
phylogenetically controlled models were not different from the models
used here without phylogenetic control. We therefore only report the
phylogenetically controlled analyses in the supplementary materials
(see ‘Phylogenetically controlled models’ section in Supplementary
Materials). Note that the phylogenetically controlled models presented
in the supplementary materials include analyses for all data and all individuals, regardless of whether they only completed the maze once,
twice, or three times and the evaluation of these data are the focus of the
supplementary portion of this paper. In the following section, the analyses were conducted using data from 65 fishes and 195 trials. Analyses
were performed with R (v.3.6.3, R Core Team, 2020) and a significance
level (α) of 0.05 was used for all tests.
3. Results
3.1. Social system
The three cooperative species did not complete the maze any faster
than the three non-cooperative species (Fig. 2a; log-LMM: χ 2 = 2.07, df
= 1, p = 0.15). Both cooperative and non-cooperative species completed
the maze faster across trials (log-LMM: χ 2 = 30.70, df = 2, p < 0.001;
Supplementary Fig. 2a cooperative, 2d non-cooperative), and there was
no significant difference in their rates of improvement i.e. in the
reduction in time taken to complete the maze across trials (Social System*Trial Number, log-LMM: χ 2 = 0.57, df = 2, p = 0.75). Cooperative
and non-cooperative species made similar numbers of mistakes or deadend corridor entries (GLMM: χ 2 = 1.47, df = 1, p = 0.23; Fig. 2b) and
both types of species made fewer mistakes over repeated trials (GLMM:

Fig. 2. a/d. The time (in seconds) taken to complete trials 1–3 (2a social system; 2d sex). b/e. The number of dead-end corridor entries (2b social system; 2e sex). c/
f. The number of attempts to get through the transparent barriers/inhibitory control (2c social system; 2f sex). All data removed for individuals that did not complete
the maze on any of the three trials. Values are means ± SEM.
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χ 2 = 35.87, df = 2, p < 0.001; Supplementary Fig. 2b cooperative, 2e

time to complete the maze following the first trial. Cooperative species
did not display better inhibitory control, nor did they make fewer mistakes than their non-cooperative relatives. Overall, our results suggest
that the challenges of group-living and cooperation do not offer any
advantages to spatial learning and memory in these fishes—cooperative
and non-cooperative species performed comparably in all three spatial
performance metrics and improved similarly in terms of these metrics.
Living in a social environment, forming and maintaining relationships, and working together to achieve shared goals are cognitively
demanding challenges. However, what constitutes a social challenge
and which challenges in particular are most influential as selective
agents on brain evolution and cognition is unclear. In primates and
ungulates, brain size is thought to be linked to group size (Dunbar and
Shultz, 2007a; 2007b but see DeCasien et al., 2017, Lindenfors et al.,
2021 and Powell et al., 2017 for an opposing view). In contrast, flock
size in birds does not correlate with brain size, likely because large flocks
can include thousands of birds and does not necessitate strong social
bonds, and the same can be said for many mammalian species that live in
large herds (van Horik and Emery, 2011). In some insects, like paper
wasps (Vespidae family), colony size is in fact negatively related to brain
size; wasp species that form larger groups have smaller brains because
they can rely on their siblings or nestmates for information and division
of labour, rather than produce information or perform certain tasks
themselves (O’Donnell et al., 2015). Evidently, group size alone is an
inadequate measure of social complexity, but researchers have not yet
agreed on a suitable alternative (Kappeler, 2019).
Rather than group size, it may be the depth and longevity of social
interactions that have a more profound influence on the brain (van
Horik and Emery, 2011). Also, intricate social relations are not exclusive
to group-living animals. Territorial animals, for example, are likely to
have regular and prolonged interactions with mates, or with neighbouring territory owners, as well as other potential usurpers. All six of
the cichlid species used in this study face similar challenges of having to
find food and a mate, maintaining a pair bond, providing parental care,
and acquiring, defending and maintaining a territory (reviewed by Sefc,
2011). It may be that it was these shared ecological and social challenges, and not the challenges posed by cooperative group living, that
played a more prominent role in molding the cognitive abilities of these
cichlids, including spatial cognition. Supportive of this idea, previous
research comparing the brains of cooperative and non-cooperative
Lamprologines has found no significant differences in whole brain
masses (Reddon et al., 2016). Yet, notable research on cichlids of the
Ectodini clade (also from Lake Tanganyika) suggests that regional brain
size differences are pervasive and dependent on social factors (mating
system), warranting future research into evaluating which particular
social challenges are most important in shaping the brain as a whole and
its various regions and structures (Pollen et al., 2007).
Despite our expectation for finding sex differences, we did not detect
any major differences in maze performance between males and females.
Sex differences in the brain are well documented in a wide variety of
taxa, including fishes (Rhodes and Rubin, 1999; Goodson and Bass,
2001). While there are many striking similarities between the fish brain
and the brains of other animals (Bshary et al., 2014), there are also some
fundamental differences in neural architecture and organization which
mean that the sex differences in cognitive ability reported in other animals might not be as apparent in some fishes (Ebbesson and
Braithwaite, 2012). It is thought that the dominant role of hormones in
the developing fish brain is activational, not organizational like in
mammals and birds, so sex differences may be less prominent (Zakon,
2000). We might expect cognitive differences between male and female
fish if each sex faces unique and different challenges (e.g. if the sexes eat
different diets, or occupy different niches; Lucon-Xiccato and Bisazza,
2017a; Magurran and Garcia, 2000). This is likely the case for the many
studies reporting sex differences in fishes (Costa et al., 2011;
Lucon-Xiccato and Bisazza, 2017b; Roy and Bhat, 2018). The fish brain
is also highly susceptible to changes based on experiential factors such as

non-cooperative). There was no significant difference in the rate of
improvement in terms of mistakes made between cooperative and noncooperative species (Social System*Trial Number, GLMM: χ 2 = 0.72, df
= 2, p = 0.70). Generally, we observed variable and individualized responses by the fish that entered the dead-ends; some individuals would
enter and exit quickly, while others stayed in these areas and treated
them as a shelter of sorts. Cooperative and non-cooperative species
swam at the transparent barriers a comparable number of times (GLMM:
χ 2 = 0.21, df = 1, p = 0.65; Fig. 2c). Cooperative and non-cooperative
species both swam at the transparent barriers fewer times across trials
(GLMM: χ 2 = 50.74, df = 2, p < 0.001; Supplementary Fig. 2c cooperative, 2f non-cooperative), and there was no significant difference for
rates of improvement in relation to sociality (Social System*Trial
Number, GLMM: χ 2 = 2.40, df = 2, p = 0.30).
3.2. Sex
Males and females did not differ in the time taken to complete the
maze (log-LMM: χ 2 = 0.42, df = 1, p = 0.52; Fig. 2d). Across trials, both
sexes completed the maze faster (log-LMM: χ 2 = 30.70, df = 2,
p < 0.001; Supplementary Fig. 3a males, 3d females), and males and
females had similar rates of improvement in terms of the time taken to
complete the maze (Sex*Trial Number, log-LMM: χ 2 = 2.29, df = 2,
p = 0.32). Males and females also made a similar number of mistakes
and entered the dead-end corridors at a comparable frequency (GLMM:
χ 2 = 0.67, df = 1, p = 0.42; Fig. 2e). Both males and females made fewer
mistakes across trials (GLMM: χ 2 = 35.87, df = 2, p < 0.001; Supplementary Fig. 3b males, 3e females), and there was no sex difference in
the rates of improvement (Sex*Trial Number, GLMM: χ 2 = 0.10, df = 2,
p = 0.95). Males and females did not differ in the number of times that
they swam at the transparent barriers (GLMM: χ 2 = 0.14, df = 1,
p = 0.71; Fig. 2f), both improved and swam at the transparent barriers
fewer times across trials (GLMM: χ 2 = 50.74, df = 2, p < 0.001; Supplementary Fig. 3c males, 3f females), and there was no significant
difference in their rates of improvement (Sex*Trial Number, GLMM: χ 2
= 1.62, df = 2, p = 0.44). We did not observe any other significant effects or interactions.
3.3. Supplementary exploratory analyses
The results above included only individuals that completed the maze
three times (see methods). However, the patterns of these results were
largely unchanged when we included all collected data from all individuals and all trials (see Supplementary Figs. 4–6). The one exception
was the time to completion of the maze, where including all data
revealed a significant interaction between social system and trial number. In other words, when all data were analyzed together, cooperative
species improved their time to completion over repeated trials more so
than non-cooperative species, and this was also true for the models with
phylogenetic control (see Supplementary Fig. 4a). In addition, because
two species had low levels of participation (N. tretocephalus representing
just a few participants, and J. ornatus with few female participants), we
conducted exploratory analyses without these two species. While the
patterns of the results were robust to the removal of the J. ornatus, when
N. tretocephalus was excluded, we no longer detected any interaction
between social system and trial number, suggesting the N. tretocephalus
drove this one result. These analyses and the results for each individual
species separately are all included in the supplementary materials linked
to this paper (see Supplementary Figs. 7–12).
4. Discussion
Contrary to our predictions, we did not find compelling evidence that
cooperative species outperformed their non-cooperative relatives in the
spatial task. Both cooperative and non-cooperative cichlids took less
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those presented by the physical and social environments (Ebbesson and
Braithwaite, 2012) resulting in remarkable plasticity, and plastic responses that are often sex dependent (Kotrschal et al., 2012). For the
cichlid species used in this study, both sexes experience many of the
same ecological and social challenges. The comparable navigational
scores for males and females reported here do not provide support for
the notion of sex-specific spatial abilities in this group of fishes. Our
findings may be explained by the overlap in challenges experienced by
male and female pair bonded cichlids, and the limited action of gonadal
steroids in organizing neural tissue in the fish brain (Sefc, 2011; Zakon,
2000). We suggest that sex differences in locomotion and dispersal
previously reported in N. pulcher (Stiver et al., 2006; Stiver et al., 2007),
might reflect differences in the spatial distribution of social opportunities available to each sex, or in the motivation to move, rather than
differences in spatial capacity.
Future research could improve upon our study in a number of ways.
First it would be valuable to retest using wild caught, rather than captive
bred fishes (Christie et al., 2012; Doyle and Talbot, 1986; Huntingford,
2004; Huntingford et al., 1994; Salena et al., 2021). Second, between
each trial we removed, reversed and replaced the maze in a different
orientation to avoid having to capture, handle and stress the focal individual. However, in tasking the fish to go through the maze repeatedly
and in opposite directions, the extra-maze cues (outside the tank e.g.
lights, distance to walls) were altered between trials. In the future, the
fish should be able to run through the maze with all external cues held
constant. Third, the motivation to reach the social stimulus at the
completion zone of the maze may have changed with each subsequent
trial. We chose to use a social reward because in many studies animals
prefer to join larger groups (Ashley et al., 1993; Hager and Helfman,
1991; Keenleyside, 1955; Krause and Godin, 1994; Svensson et al.,
2000), and previous research on these particular Lamprologini cichlid
species suggests that Lamprologines prefer to join large groups when
threatened, regardless of their social breeding system (O’Connor et al.,
2015; Salena and Balshine, 2020). The focal fish in our study were
captured from their housing tank, placed in a start box and inserted into
an unfamiliar tank before the first trial. In contrast, between trials two
and three, in order to reduce stress, the fish were not captured; although
if the fish did not complete the maze in the 2-hour trial period, they were
gently guided to the completion zone using a hand net so that the next
trial could be set-up while the focal fish was occluded behind an opaque
barrier. Therefore, the perception of threat over subsequent trials was
reduced and this may have changed the underlying motivation to join a
group at the end of the maze under increasingly non-threatening conditions. Habituation to the maze also may have played a role. Fourth, we
acknowledge that the social reward may have been more attractive to
the cooperative species. However, given that the highly social species
were not better at learning, this factor did not seem to confound our
results. We only used conspecifics as stimuli after piloting other
non-social rewards (food and shelter), but these did not have the same
salience for focal fishes in our pilot studies. Additional exploration of
how social motivation differs across species would be another valuable
topic for future research (Balshine et al., 2017). Fifth, we had a relatively
small number of species (N = 6) and also a small number of individuals
were analyzed for some species because not all animals completed the
maze three times. While it was beyond the scope of this study to evaluate
the spatial performance in more than six species, including additional
species, and additional individuals per species would be a valuable goal
for future studies. And lastly, our study specimens demonstrated substantial improvement in only 3 trials, yet future studies that aim to assess
spatial learning in these cichlids over a longer time frame may also
benefit from making the task more difficult.
Although the cognitive challenges of social life may favour relatively
larger neocortices in primates (Dunbar and Shultz, 2007a; 2007b), it is
unclear how these same challenges affect the brains of other highly
social animals (Iwaniuk and Arnold, 2004; Reddon et al., 2016), and
which social challenges in particular are most influential in shaping the

brain and cognitive abilities. In our experiment, we did not find
compelling evidence for differing spatial performance between cooperative and non-cooperative species, or males and females. We did, however, find that both cooperative and non-cooperative species, and males
and females, took less time to complete the maze over repeated trials,
made fewer mistakes and improved their inhibitory control, which
suggests that the animals learned and remembered the correct route.
Our results do not provide support for enhanced cognition in cooperatively breeding animals for cognitive functions related to spatial navigation. We did not find evidence for a connection between sociality and
performance on the spatial task, which indicates that performance in
this particular task may not be linked to social factors. It remains
possible that selection due to high degrees of sociality may act specifically on cognitive functions related to social behaviour (e.g. social
memory, social learning). Taken together, our findings contribute to the
growing body of literature surrounding the Cooperative Breeding Hypothesis (Thornton and McAuliffe, 2015) and ascertain that an accurate
assessment of social complexity requires the consideration of multiple
social variables.
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