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Abstract

Executive functions are a set of cognitive control processes required for optimizing goal-
directed behaviour. Despite more than two centuries of research on executive functions, both
in humans and nonhuman animal species, there is still a knowledge gap of what constitutes the
mechanistic basis of evolutionary variation in executive function abilities. Here we show
experimentally that changes in a forebrain structure (i.e., telencephalon) size, through mosaic
brain evolution, underlie individual variation in executive functions capacities in a fish. For
this, we used artificial selection lines of guppies (Poecilia reticulata) with substantial
differences in relative telencephalon size. We tested fish from the large and small telencephalon
lines in tasks for the three main core executive functions: cognitive flexibility, inhibitory
control, and working memory, but also in a basic conditioning test that does not require
executive functions. Individuals with larger telencephalons outperformed individuals with
smaller telencephalons in all three executive function assays but not in the conditioning assay.
Based on our discovery, we propose that the telencephalon is the executive brain in teleost fish.
Also, selective enlargement of key brain structures, like the fish telencephalon, through mosaic
brain evolution is a potent evolutionary pathway towards evolutionary enhancement of

advanced cognitive abilities in vertebrates.
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Introduction

There is a general agreement that there are three main executive functions: cognitive flexibility,
self-control and working memory !. These three domains form the core top-down executive
functions that regulate several cognitive subprocesses 2. For instance, cognitive flexibility
allows individuals to adapt and change their behaviour and strategy in response to the
environment 3. Self-control requires inhibitory control abilities to override motor impulses,
resulting in adaptive goal-oriented behaviours when correctly performed #°. Finally, working
memory is holding and working with visual-spatial information (and verbal information in
humans) that is no longer perceptually present 7. These executive functions ultimately play a

pivotal role in survival and reproduction and thus have important fitness consequences 8.

In mammals, neural structures in the neocortex, like the prefrontal lobes, are critical for
regulating executive functions, and subsequently the neocortex has been referred to as the
“executive brain” 810 Therefore, the evolutionary expansion of the neocortex — suggested
being the outcome of a mosaic change in brain structure (i.e., mosaic brain evolution) where
independent evolutionary changes in brain region sizes can drive changes in specific cognitive
abilities '~ emerges as a promising candidate mechanism behind evolutionary changes in
executive functions 191213, Nevertheless, most of this evidence is correlative and hence lacks

experimental support.

Avrtificial selection experiments are a powerful experimental approach that can create a shortcut
for evolutionary changes of a trait of interest within species 14718, Here, we take advantage of a
recent artificial selection experiment on telencephalon size in the guppy !’ to test the hypothesis
that mosaic evolution of the size of a neocortex “homologue” 8 leads to evolutionary changes

in executive functions. In fish, the telencephalon is a part of the forebrain well known for its



role in various advanced perceptual and cognitive functions °. By comparing intact subjects to
subjects with partly or wholly ablated telencephalon, researchers have determined the
involvement of this region in regulating spatial learning, memory and decision-making 20-24,
Moreover, although functional differences certainly exist between fish and mammals, at least
in some functions, the telencephalon has been suggested to be homologous to the mammalian
neocortex 8, However, a substantial knowledge gap remains concerning whether the
telencephalon is the “executive brain” in fish as well, and what is the quantitative relationship
between telencephalon size and executive functions. Recently, Triki et al., 2> showed that three
generations of selection on telencephalon size, resulting in a 5% difference in relative
telencephalon volume between up- and down-selected lines, was enough to cause significant
differences in inhibitory control abilities, one of the core executive functions. Here, we built
further on this finding and tested whether more neural tissue in the telencephalon would
enhance performance in all three core executive functions in a fifth generation of the guppy

telencephalon size selection lines.

Therefore, we tested up- and down-selected fish abilities in cognitive flexibility, inhibitory
control and working memory in three different tasks. We used the reversal learning task to test
for cognitive flexibility, a commonly used paradigm across species and taxa 26-%C, The task also
allows assessing associative learning abilities (operant conditioning) during the initial learning
phase, which served as a control test for non-executive cognitive ability. We first tested the
fish in a two-colour discrimination task where choosing the correct colour led to a food reward.
For those that learned the initial cue-reward association, we reversed the reward contingency
where the previously unrewarded colour becomes the new rewarded cue. Thus, we tested fish’s
ability to adjust their behaviour after the reversal of the cue-reward contingency, a measure of

behavioural and cognitive flexibility 22731, In the next task, we tested fish’s inhibitory control



abilities (self-control), a commonly used detour paradigm across species and taxa known as the
“cylinder task” %1332, In the cylinder task, individuals are often presented with a food reward
placed inside a transparent cylinder open on either side. Animals lacking higher inhibitory
control abilities move directly towards the visible food and hence get blocked by the barrier.
Successful performance is when an animal can delay gratification by moving away from the
goal and going around the see-through barrier without touching it to reach the food reward
13.2530.32 In the final task, we tested the fish’s working memory in an object permanence task
33, Object permanence tasks were initially designed to test the cognitive development of human
infants 3 and later used to document object permanence abilities in primates %, dogs and cats
36 marine mammals 3" and birds 3. The task we performed tested whether fish can memorise
the location of an object that has been visibly displaced behind an opaque screen and the

knowledge that the object still exists when out of sight (see Supplementary Video S1).

An important aspect to consider when addressing the evolutionary link between brain
morphology and cognitive ability is that neural tissue is energetically costly and constrained
by the individual’s total energy budget. Growing larger brains, for instance, is often a
manifestation of an energy trade-off by selective investment in the brain at the expense of other
expensive (energy-demanding) tissues like the gut 63° For this reason, we tested whether
increased telencephalon size was traded off against gut mass in the telencephalon size selection
lines. Furthermore, we measured the volume of the five major brain regions (telencephalon,
optic tectum, hypothalamus, cerebellum and dorsal medulla) in all tested fish. This was
necessary to verify the individual telencephalon size from the fifth generation of selection lines
but also served to test for potential size trade-offs among brain regions as a consequence of the

selection experiment.


https://youtu.be/QudjFdvcVds

As predicted, we find that an enlarged telencephalon enables individuals to show overall higher
performance across all three executive function domains (Table 1), but not in a non-executive
associative learning assay. Together, these results suggest that the fish telencephalon is
effectively “the executive brain” in teleost fish, and that evolutionary mosaic changes in brain
structure can be energy-efficient drivers of cognitive evolution with regards to more advanced

cognitive functions.

Results
For the cognitive tasks, we tested (N = 48) adult male guppies from the fifth generation of the
up- and down-selected lines of telencephalon size. In the colour discrimination task (associative

learning) (Supplementary Video S1), 79% of up-selected fish were successful in learning the

association colour-food (cue-reward) within 42 test trials, vs 74% success in down-selected
fish, which was not a statistically significant difference (Survival analysis: N = 37, Hazard
Ratio (HR) = 1.107 [0.71, 1.73], p = 0.675, Fig. 2a) (see further statistical details in
Supplementary Table S3). Interestingly, when we reversed the colour-reward contingency in
the reversal learning task to test for the first aspect of executive function (cognitive flexibility),
the up-selected fish exhibited higher performance by being faster and more successful at
solving the task with 63% success vs 48% in the down-selected fish within 84 test trials
(Survival analysis: N = 37, HR =1.231 [1.01, 1.50], p = 0.039, Fig. 2e). In the second aspect
of executive function (self-control), in the cylinder detour task, up-selected fish outperformed
down-selected fish with 37% correct detours (detouring the transparent cylinder without
touching it) on average vs 32% in the down-selected fish, where the up-selected fish showed
improved performance across the 11 test trials in contrast to down-selected fish (Generalised
LMM (GLMM): interaction term line x trials: N = 45, estimate = 0.74 [0.29, 1.19], X? =10.191,

p = 0.001). This effect was mainly driven by performance across time (trials), where the up-


https://youtu.be/QudjFdvcVds

selected had a positive slope of performance across trials (posthoc emtrend estimate = 0.110
[0.021, 0.20], p = 0.015), but a negative performance slope in down-selected fish (posthoc
emtrend estimate = -0.123 [-0.24, -0.01], p = 0.03) (Fig. 3a). Finally, in the third aspect of
executive function (working memory), the up-selected fish showed 60% success on average in
memorising and following the correct path to the object location in the object permanence task
vs 49% in the down-selected fish within 16 test trials (GLMM: N = 47, estimate = 0.49 [0.15,
0.84], X2 = 7.809, p = 0.005, Fig. 3c). Additionally, we tested whether fish found the correct
location of the object by chance (50% chance level of scoring correctly). We found that up-
selected fish performed significantly above chance level (posthoc emmeans test: estimate =
0.424 [0.06, 0.79], p = 0.023), but this was not the case for down-selected fish (estimate = -

0.069 [-0.44, 0.30], p = 0.712, Fig. 3c).

To verify that the tested fish really differed in telencephalon size, and to allow for linking
individual variation in telencephalon size to cognitive performance, we measured
telencephalon size (and the size of other main brain regions, see below) after the cognitive
assays (N = 44) (see Methods). The tested fish from the selection lines did indeed differ in their
relative telencephalon size (relative to the size of the rest of the brain), with up-selected fish
having 9.6% larger telencephalon on average than down-selected fish (Linear Mixed Effects
Model (LMM): 22 up- vs 22 down-selected fish, estimate = 0.09, 95% credible interval (95%
Cl) [0.06, 0.13], X? = 31.662, p < 0.001; marginal-R? = 0.74, conditional-R? = 0.81, Fig. 1).
Building on this, we could analyse and reveal that the differences in performance between up-
and down-selected fish were also linked to individual telencephalon size. First, we found a
significant effect of relative telencephalon size on correct choices across test trials in the
reversal learning task (GLMM: interaction term telencephalon size x rounds: N = 34, estimate

= 0.13 [0.01, 0.26], X? = 4.315, p = 0.038). Posthoc analyses revealed that this was due to



individuals with larger than average telencephalon size (mean + 1SD) having a steeper learning
slope (estimate = 0.42 [0.27, 0.56], p < 0.001) compared to individuals with average or smaller
than average telencephalon size (mean: estimate = 0.28 [0.21, 0.36], p < 0.001; mean - 1SD:
estimate = 0.15 [0.00, 0.30], p = 0.05, Fig. 2h). Second, in the detour task, there was a
significant effect of telencephalon size on performance across test trials (GLMM: interaction
term telencephalon size x trials: N = 42, estimate = 0.35 [0.01, 0.69], X? = 3.911, p = 0.048)
that can be explained by individuals with larger than average telencephalon size having a
positive and steeper learning slope (mean + 1SD: estimate = 0.38 [-0.04, 0.79], p = 0.07)
compared to individuals with average or smaller than average telencephalon size (mean:
estimate = 0.03 [-0.20, 0.25], p = 0.80; mean - 1SD: estimate = -0.32 [-0.73, 0.09], p = 0.13,
Fig. 3b). Finally, we found an overall positive correlation relationship between performance in
the object permanence task and telencephalon size (GLMM: N = 44, estimate =0.40 [0.10,
0.71], X2 = 6.517, p = 0.011, Fig. 3d). Again, and similarly to the group level analyses, there
was no statistically significant relationship between telencephalon size and performance in the
colour discrimination task (p > 0.05, Fig. 2b and d) (for further details see Supplementary Table

S3).

To further evaluate fish performance across the three tests of executive functions, we generated
a composite score 3 in the form of a “performance rank score”. To do so, we summed up the
individual ranks in the three tasks: reversal learning (rank of the number of trials until success),
detour (rank of the proportion of correct detours) and object permanence (rank of the proportion
of successfully locating the object). Our analyses revealed that up-selected fish significantly
outranked down-selected fish by 28% mean difference (GLMM: 24 up- vs 21 down-selected
fish, estimate = 0.25 [0.03, 0.47], X? = 5.08, p = 0.024, marginal-R? = 0.11, conditional-R? =

0.15, Fig. 4a). We found a similar outcome with individual telencephalon size and performance



rank score in the form of a significant interaction term between telencephalon size and the size
of the rest of the brain (GLMM: N = 42, estimate = -0.13 [-0.22, -0.03], X? = 7.231, p = 0.007,
marginal-R? = 0.25, conditional-R? = 0.30, Fig. 4b). The posthoc test showed a significant
positive correlation between telencephalon size and performance rank when rest of the brain
was smaller than average (slope of telencephalon and performance estimate = 0.24 [0.04, 0.45],
p = 0.02), but not when rest of the brain was average size (estimate = 0.11 [-0.08, 0.30], p =

0.26) or larger than average size (estimate = -0.02 [0.24, 0.20], p = 0.83, Fig. 4b).

For the analyses of the sizes of the other brain regions, we detected a significant difference in
optic tectum size between the two selection lines, with up-selected fish having smaller optic
tectum compared to down-selected fish (LMM: estimate = -0.04 [-0.09, -0.01], X? = 31.662, p
= 0.045, marginal-R? = 0.53, conditional-R? = 0.53, Fig. 1). However, further analyses on
whether the selection experiment affected total brain size or other brain regions (hypothalamus,
cerebellum and dorsal medulla) as well as our quantification of an expensive tissue, gut weight,
showed no statistically significant differences between up- and down-selected fish (all p-values

> 0.05) (Supplementary Fig. S1, Tables S1, S2 and Fig. 1).
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Figure 1. Individual brain morphology from the two selection lines. Regression lines and
95% CI of log-normal transformed volume (mm?) of the brain region of interest (a)
telencephalon, (b) optic tectum, (c) hypothalamus, (d) cerebellum, and (e) dorsal medulla on
the log-normal transformed remainder of the brain without the volume of the corresponding
region (mm?), as a function of selection line. (f) Regression lines and 95% CI of log-normal
transformed total brain volume (mm?) on log-normal transformed body mass (mg) as a function
of selection line. Inside each plot are depicted the estimated marginal means of up- and down-
selected groups with 95% CI calculated from the statistical models. Twenty-two up-selected

vs 22 down-selected fish: LMM, *p < 0.05, ***p < 0.001.
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Figure 2. Performance in the associative (a, b, ¢ and d) and reversal learning (e, f, g and
h) tasks as a function of selection line and telencephalon size. Cumulative event curves of
the incidence of success (i.e., learning significantly the rewarding colour) in the (a) associative
(n = 24 up-selected vs n = 23 down-selected fish) and (e) reversal learning (n = 19 up-selected
vs n = 17 down-selected fish) tasks as a function of selection line. Cox proportional hazards
model predictions of the relationship between success score in the (b) associative task (N = 44)
and (f) reversal learning task (N = 34) and individual telencephalon size. The y-axes in (b) and
(f) indicate “Risk score”, where higher scores read as higher success rate, and the grey area
indicates the 95% CI. Average correct choices in every test round with regression slopes per
selection line in the (c) associative and (g) reversal learning tasks. Dashed lines refer to the
50% success by chance. Interaction plots from the model’s adjusted predictions of two
continuous explanatory variables: individual telencephalon size (standardised log-transformed
telencephalon size) indicated as mean, mean + 1SD, and mean - 1SD and test rounds (each
round contains six test trials) in the (d) associative and (h) reversal learning task. Survival

analysis; binomial GLMM; *p < 0.05.

11



Inhibitory control b

=
o
o
[N
o
o

* 3k * Telencephalon

mean-1SD
= mean
mean+1SD

o

N

al
L

Selection line
0.25 1 \W\N 251
v v down

up
0.00 1 v 0.00 1

T T T T T T T T T T T T T T
i1 2 3 4 5 6 7 8 9 10 11 -1 0 1

Test trial Test trial

Correct detour
o
al
o
Correct detour
o
(o]
o

o
N
(62}

c Object permanence d *

1.00 %k %k 1.00
/ Selection line
down

up

© 0.751 v

o

N

al
L

Correct choice
o
al
o
<]
]
<
<
Correct choice
o
3

o

)

a
L

|||||||||||||||| T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 -2 -1 0 1 2

Test trial Telencephalon
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function of selection line and individual telencephalon size. (a) Average correct detours (i.e.,
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regression slopes as a function of selection lines (n = 24 up- selected vs n = 21 down-selected
fish). (b) Interaction plot from the detour task model’s adjusted predictions of two continuous
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mean - 1SD) and test trial (N = 42). (c) Average correct choices (i.e., successful memorisation
of object location in the object permanence task) in every test trial and regression slopes as a
function of selection lines (n = 22 up-selected vs n = 22 down-selected fish). (d) Regression
line and 95% CI estimated from adjusted predictions of the regression model testing correct
choices in the object permanence task as a function of individual relative telencephalon size
(standardised log-transformed telencephalon size) (N = 44). Dashed lines refer to the 50%

success by chance in (c) and (d). GLMM, *p < 0.05, **p < 0.01.
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Figure 4. The individual sum of performance rank in the reversal learning, detour and
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vs 21 down-selected fish). (b) Regression line and 95% CI estimated from the model’s adjusted
predictions of the relationship between individual rank performance and individual
telencephalon size (standardised log-transformed telencephalon size) to the remainder of the
brain (standardised and log-transformed, indicated as mean, mean + 1SD, and mean - 1SD) (N

= 42). Negative binomial GLMM, *p < 0.05, **p < 0.01.

13



Table 1. Recapitulative table of the study findings.

discrimination
task

(Operant
conditioning)

Laboratory Cognitive ability Telencephalon size Individual relative
test selection lines telencephalon size
Colour Associative learning | No differences X No correlation relationship X

Reversal
learning task

Cognitive flexibility

Up-selected lines
outperformed down-

selected lines v/

Larger telencephalon facilitated
learning across trials v/

Detour task

Inhibitory control
(self-control)

Up-selected lines
outperformed down-
selected lines across

trials v/

Larger telencephalon facilitated
improved performance across

trials v/

Object Memory of object Up-selected lines Larger telencephalon facilitated
permanence location (working outperformed down- better performance v/
task memory) selected lines v/

Discussion

Our results, based on artificial selection, support our hypothesis that mosaic brain evolution of
telencephalon size can be a driver of executive functions. This is a finding with several
important implications. First, mosaic brain evolution can be a rapid driver of cognitive
evolution. In only five generations, artificial selection has resulted in ~10% divergence in
relative telencephalon size, with demonstrated functional implications. Given the high costs of
neuronal tissue 64941 mosaic brain evolution has been suggested to be a highly energy-
efficient driver of cognitive evolution whereby changes in specific brain regions match specific
selective demands from the environment 174246 In the present study, we tested whether an
“expensive tissue” like gut size has potentially been traded off against telencephalon size, but
we found no evidence for differences in gut size as a function of the selection experiment. This
result adds to the recent study by Fong et al. 7 that failed to detect any link between selection
on telencephalon size and offspring reproduction, another highly costly biological aspect that
previously has been found to be negatively associated with brain investment 1641, This is a very

different picture than the one obtained during artificial selection for relative brain size in the
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guppy 8. In the guppy brain size selection lines (with matching differences in neuron number
47), multiple energetically costly traits were reduced in the large-brained lines compared to the
small-brained lines, for instance, offspring production and gut size 6 as well as immune
function 8. Based on the evidence collected so far, and in support of theory *3, mosaic
evolutionary expansion of separate brain regions appears to be a much more energy-efficient

driver of cognitive evolution than the expansion of the entire brain.

Second, our results suggest that relative telencephalon size is important for executive functions
in the guppy and in extension that the fish telencephalon may be a homologous structure to the
neocortex in mammals, at least in some functions (see also '81°). This finding supports recent
work that has identified multiple similarities in the sensory pathways to the telencephalon
between mammals, birds and sometimes even teleost fish (e.g. *°, also reviewed by Karten %9).
The emerging consensus is that more similarities than previously thought exist in telencephalon
function in terms of “neocortex-like functions” across these taxa. Given the effects of
telencephalon size on individual cognitive performance, our results are also in line with
correlational studies documenting a positive association between executive functions and the
size of the prefrontal cortex in mammals 251, and the pallium in birds 52. Our experimental
approach, together with this correlational evidence, suggests that more neural tissue in these
structures improves cognitive capacities across vertebrates. Interestingly, we detect no
differences in our non-executive function assay, the colour discrimination learning. This might
be because this task does not acquire complex processing but rather basic association formation
through operant conditioning 3. This is consistent with findings from fish with the entire
telencephalon being removed successfully performing simple associative learning tasks 4,
while they failed in more complex tasks like reversal learning 5°. One possible mechanistic

explanation is that a larger telencephalon contains more neurons and therefore possesses higher
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information processing and storing capacities. It has previously been shown in the guppy that
an increase in overall brain size leads to an increase in overall neuron number #7. We suggest
that a similar pattern occurs in the telencephalon size selection lines, with a higher overall
number of neurons in the up-selected fish. But other possibilities exist, including differentiation

in telencephalon sub-region sizes, or in connectivity.

Third, while executive functions in fish have been demonstrated many times before, suggesting
substantial cognitive abilities also exist in this taxa 1558 we are not aware of any previous
demonstration in fish for our third assay of executive function: object permanence. Success in
object permanence tasks, as performed in our study, are highly cognitively challenging and
require at least substantial working memory and potentially the ability to create a mental picture
of an object out of sight (Call % and references therein). Our results thus suggest substantial
cognitive abilities in teleost fish, at least in individuals with relatively larger telencephalons.
An important finding is that the large-telencephalon size selection lines displayed performance
significantly higher than the null expectation (Fig 3c). This suggests that object permanence is
not always a species-specific trait, but that substantial within-species variation can exist. It will
be highly interesting to assay different populations in an attempt to capture the environmental

variables that are linked with the expression of this trait.

Fourth, we found that up-selected fish with a larger telencephalon had smaller optic tectum,
while down-selected fish with a smaller telencephalon had larger optic tectum. However, we
did not find any significant changes between the up- and down-selected fish in the size of the
other brain regions investigated (hypothalamus, cerebellum and dorsal medulla). The optic
tectum is a brain region known as the visual processor in fish %, and it is often comparatively

larger in species that rely heavily on visual information 621, That the up-selected fish performed
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better in executive functions despite a smaller optic tectum, show that differences in visual
perception abilities between the lines are unlikely to explain the cognitive differences.
Moreover, although this negative association between telencephalon size and optic tectum size
was not evident in earlier generations (see 17), the pattern potentially reveals negative genetic
correlations between the telencephalon and optic tectum. This result may indicate an energy
trade-off between investment into the telencephalon and the optic tectum. But it may also mean
that these two brain regions share a common developmental basis during brain regionalization.
Negative associations between telencephalon size and the size of the optic tectum have been
discussed before. For example, Striedter and Charvet 62 showed, based on comparing parakeet
and quail, that parakeet has substantially larger telencephalon but smaller optic tectum and vice
versa for quail. The authors suggest that a combination of delayed timing of telencephalic
development and the amount of tissue allocated to the optic tectum could have generated such
a pattern. More work is still needed to fully understand the stability across generations and the
mechanistic background to the negative association between telencephalon and optic tectum

sizes in these telencephalon size selection lines.

Conclusion

Our study provides experimental support for mosaic brain evolution with the selective
enhancement of the telencephalon size yielding cognitive advantages in the three core
executive functions: cognitive flexibility, self-control and working memory. Furthermore,
costs appear to be much lower for such mosaic evolutionary changes in a brain region than for
changes in overall brain size since the only cost we have revealed so far is a potential trade-off
between investment in the telencephalon and the optic tectum. Finally, we add to the list of fish

capabilities (with evidence for intraspecific variation) that they can also solve relatively
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“complex” cognitive tasks °"%8 through our demonstration of object permanence 3, facilitated

here by a larger telencephalon.

Materials and methods

Study animals

We conducted the study between April and June 2021 in the fish laboratory facilities at
Stockholm University Zoology department in Sweden. We tested 48 male guppies generated
from three replicated laboratory lines of Trinidadian guppies (Poecilia reticulata) artificially
selected for having large (up-selected) or small (down-selected) relative telencephalon size.
These lines were created by Fong et al. ¥ in our fish lab facilities by setting up 225 breeding
pairs (FO) of laboratory-based wild-type guppies and allowing them to produce at least two
clutches. Then, the descendants were ranked based on the relative (telencephalon volume
against the volume of the rest of the brain) size of their parents’ telencephalon either as higher-
rank (top 20 %) or lower-rank (bottom 20 %) individuals. Afterwards, they set up new pairs
from the high- and low-ranking individuals and used them to produce the next generation (F1),
which resulted in up- and down-selected lines with significantly divergent telencephalon size
7. Next, Fong et al. repeated this process for successive generations until generation F4. In this

study, we generated the fifth generation (F5) from these lines following similar methods.

Fish from the telencephalon size selection lines were kept in housing tanks separated by
selection line, sex and replicate. For males, each housing tank had the capacity of 40 adult
males. We then collected 48 male guppies (24 up-selected and 24 down-selected) from these
housing tanks and transferred them to individual experimental aquaria (length x width x height;
40 x 15 x 15 cm) with continuously aerated water and enriched with 2 cm gravel and artificial

plant. Every experimental aquarium had two guillotine doors, one see-through and one opaque.
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The two doors divided the aquarium into housing and test compartments. The experimental
room had an ambient temperature of ~26 °C with a light schedule of 12 hours light and 12
hours dark. In the housing aquaria, guppies received food ad libitum in the form of fish flakes
and newly hatched brine shrimp six days per week. Once in the experimental aquaria, guppies
received daily food in the form of defrosted adult brine shrimps delivered with a 1 mL
transparent plastic pipette. This helped to acclimate fish to feed from the plastic pipettes, which
we later used to deliver food as a positive reinforcement in the cognitive tests, where fish
acquired food solely from test trials. We used only males in the present study to maximise the
sample size for the tested traits instead of having two sexes with a smaller sample size for each
(to fit our logistic capacities). To control for potential subconscious observer bias during data
collection, the real identity of all tested fish, such as selection line treatment, was concealed by
running numbers (#1, #2, etc.). We started the cognitive tests after an acclimation period of
five days, and we did not perform any tests during the weekends. Furthermore, there was
always at least one day break between every two cognitive tests. Unfortunately, during the
acclimation period, one fish from the down-selection lines (fish ID #23) was found dead on the
floor after jumping out of the experimental tank during the night. It is noteworthy to mention
that repeated fish testing is unlikely to affect brain plasticity since no such short-term effects

have been found in the guppy (Fong et al. 2019).

Cognitive tests

1- Colour discrimination test

The colour discrimination test consisted of a simple two-choice test to estimate fish learning
abilities through operant conditioning 6 in associating a food reward with a distinct colour cue
(i.e., yellow vs red). We placed a white plastic tablet with 20 small wells (10 mm @ and 5 mm

depth) in every experimental aquarium at the bottom of the test compartment. Only two wells
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(always the same) were used repeatedly for the colour cues throughout the test. We then placed
two small plastic discs (14 mm @) with a small silicone knob allowing them to fit on top of
these two wells, one red and one yellow. On the first day, we exposed fish to three acclimation
trials to minimise excessive training, during which we placed a defrosted adult brine shrimp on
top of the red disc and allowed the fish to interact with both discs and consume the food reward.
On the next day, test trials started with the experimenter pulling up the opaque sliding door
followed by the see-through door, which gave the fish a few seconds to see the set-up before
having access to the test compartment. The experimenter then delivered a small defrosted adult
brine shrimp with a plastic pipette as a food reward directly once the fish chose the correct disc,
in this case the red disc even when the fish chose the red disc after inspecting the yellow disc
first. We scored a choice as “correct” if a fish chose the rewarded colour (red) at its first attempt,
and we scored a choice as “failure” if a fish chose the wrong colour (yellow) at its first attempt.
The red disc was always the rewarding disc in this test, so we did not need to have colour as
another variable in the statistical analyses. The fish (N = 47) received 42 test trials over seven
days, with six trials per day (i.e., six trials = one test round) per fish. To control for side bias,
we randomly presented the rewarding cue 50% of the time on the left and 50% on the right side
in every test round, with no more than three presentations on the same side in succession. We
set two alternative learning criteria to evaluate individual fish performance. A fish had to score
either six correct choices out of six consecutive trials (i.e., during one round of six trials =
100% success) or five correct choices out of six trials in two consecutive rounds (i.e., > 80%
success in each round). Additionally, these criteria meant that the probability of learning by

chance was p < 0.05 (with a binomial test).
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2- Reversal learning test

Thirty-seven fish out of the 47 successfully learned the colour discrimination test within 42
trials and passed the learning criterion, and were then admitted to the reversal learning test to
estimate their cognitive flexibility abilities. After successfully learning to associate the red disc
with a food reward in the discrimination learning test, the fish had to unlearn that association
and learn to associate the yellow disc with a food reward in the reversal learning test (see

example in Supplementary Video S1). In this test, if a fish went first to the red disc and then to

the yellow disc, it did not receive a food reward. We delivered a food reward only if the fish
chose the yellow disc on their first approach to any disc. In total, we ran 84 test trials of reversal
learning for each individual over 14 days, with one round of tests per day (one round = six
trials). Here, we also randomised the presentation of the rewarding cue on the left or the right
side, as described above. We evaluated individual performance using the same criteria as in the

colour discrimination learning test.

3- Detour test

The detour test evaluated self-inhibitory abilities using a transparent cylinder, a widely used
test paradigm across vertebrates >3266, On the morning of Dayl, we fed the fish twice with
small defrosted adult brine shrimps placed on top of a green spot in the test compartment so
they could familiarise themselves with the association between the colour green and food.
Then, for about one hour, we exposed the fish with a transparent Plexiglas cylinder (5 cm in
length and 4 cm @) open on either side, but with no food reward. This served as an acclimation
opportunity for the fish to explore a transparent barrier without the goal of reaching the food.
In the afternoon, we started the actual tests where we placed a food reward inside the
transparent cylinder on top of a green spot drawn inside the cylinder. The trial started when the

experimenter pulled up the opaque and transparent barriers simultaneously and allowed the fish
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to enter the test compartment. To reach the food reward, fish had to detour the physical barrier
(i.e., the cylinder walls) and swim inside the cylinder to retrieve the food placed on the green
spot. We recorded whether the fish detoured without touching the cylinder (“success”) (see

example in Supplementary Video S1) or if they touched the cylinder before retrieving the food

(“failure”). In total, we ran 11 test trials per fish over three days, with one trial on Dayl and
five trials on both Day2 and Day3. Two fish from the down-selected lines did not participate

in the detour task yielding an overall sample size of 45 fish for this test.

4- Object permanence test

The object permanence test evaluates the ability to memorise the location of an object and the
knowledge that the object still exists when out of sight . Research on humans indicates that
object permanence abilities develop in young children (aged between 18 and 24 months) in six
stages that gradually increase in difficulty 3*. These stages range from visual tracking of moving
objects (Stage 1 and 2), retrieving partially hidden objects (Stage 3 and 4), retrieving objects
after visual displacement until fully hidden (Stage 5) to retrieving objects that have been
invisibly displaced (Stage 6) 34363, Here, we tested 47 fish (adult guppies) in Stage 5 of the
object permanence stage with visual displacement of an object until out of sight behind an

opaque screen.

The object in this test consisted of a 1 mL plastic pipette cut to 9.5 cm in length, filled with
water and sealed with glue so it did not float in water. We decorated the pipette with red and
yellow adhesive tapes to increase its salience. This should have been particularly effective since
all the tested fish had repeated exposures to these two colour cues during the previous colour
discrimination and reversal learning tests. Before starting the actual object permanence tests,

we exposed the fish to one acclimation exposure with the object (the coloured plastic pipette),
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so they could explore it freely and receive a food reward upon being physically close to the
object. All fish successfully approached the object and consumed a food reward on the first

day, so we started the test trials the next day.

During the test, we placed a small Plexiglas apparatus in the test compartment. The apparatus
consisted of an opaque Plexiglas screen (length x height, 6 x 8 cm) mounted on a transparent
Plexiglas platform (6.5 x 6.5 cm), so it stood inside the experimental aquaria, and had another
Plexiglas piece glued on its back (length x height, 3.5 x 8 cm) that prevented fish from
swimming behind the opaque screen to the other side. This apparatus allowed the experimenter
to visually displace the object in front of the test subject until it fully disappeared behind the
screen. A test trial started by the experimenter first pulling up the opaque door (separating the
home and test compartments), so the fish could see the test compartment without access. The
experimenter then introduced the object in the middle of the test compartment and ensured the
fish was facing (seeing) the object before displacing it. Only then the experimenter slowly
moved the object either on the left or right side until it became completely hidden behind the
screen. Next, fish were allowed to enter the test compartment, and the experimenter recorded
whether they followed the object’s path successfully or not. Locating the object by successfully
following the correct path on the first attempt led fish to receive a food reward (see example in

Supplementary Video S1), while failing to locate the object led to the termination of the trial

without a food reward. It is worth noting that fish could not access the object if they swam the
wrong path. This avoided that the subject could find the object simply by learning to search
behind the screen. In total, we tested each fish in 16 trials over three days, with five trials on
Day1 and Day?2 and six trials on Day3. Importantly, we controlled for potential side biases and
side-learning by randomising the visible displacement of the object on either side across the

test trials, where we displaced the object 50% of the time on the left and 50% of the time on
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the right side in random sequences with no more than three displacements on the same side in

succession.

Gut size measurements

At the end of all four cognitive tests, fish were left in their test aquaria for two more days but
with no food, so their guts evacuated the remaining food. We euthanised the 47 adult male
guppies with an overdose of benzocaine bath (0.4 g/1). Using a digital scale, we measured their
body weight to the nearest 0.01 milligrams (N = 47, mean + SD: 107.9 + 13.32 mg). Then,
under a stereo zoom microscope Leica MZFLII®, we dissected their guts and weighed them

to the nearest 0.001 mg (range 3.98 + 0.85 mg).

Brain morphology measurements

After dissecting the guts, with a transection cut behind the gills, we removed the heads and
placed them in a 4% paraformaldehyde phosphate-buffered saline (PBS) fixation solution for
five days. Upon fixation, we washed the samples twice in PBS for 10 min each before storage
at 4°C pending dissection. First, we dissected the whole brain out of the skull and photographed
it from the dorsal, ventral, right lateral and left lateral view under a stereo zoom microscope
Leica MZFLIII® with a digital camera Leica DFC 490. Second, we estimated the length (L),
width (W) and height (H) of the telencephalon, optic tectum, cerebellum, dorsal medulla,
hypothalamus and olfactory bulb with the open-access software ImageJ ¢'. Finally, we fitted
the L, W, and H measurements in an ellipsoid function to calculate the volume (V) of every
brain region (in mmd) (V = (L x W x H) & /6) ad 44based on 68 Three prain samples (two up-
selected and one down-selected) were damaged during the dissection process and hence

provided no data. This yielded an overall sample size of 44 fish with brain morphology data.

24



Data analysis

We used the open-access software R version 4.2.1 % to run all statistical analyses and generate
the figures. We fitted selection line as the explanatory variable in the analyses that focused on
testing group level effects by comparing up-selected to down-selected lines. In the individual
level analyses, where we tested for the effect of individual telencephalon size on performance,
we fitted telencephalon size (volume in mm?3) as a continuous explanatory variable and the rest
of the brain as a control covariate (mm?3) (both log-transformed and then standardised with the

scale function 7).

We used survival analyses with the Cox proportional hazards models to evaluate learning
performance in the colour discrimination and reversal learning tests (coxph function from R
package survival). For this, we replaced “death” in the classic survival analyses with “success”
in the learning tests 3. These types of Coxph models simultaneously test both the rate of success
and failure and the time to succeed. We used the functions ggeffect and ggpredict, from R
package ggeffects, to plot Coxph model predictions. Furthermore, we used a set of Linear
Mixed Effect Models (LMMs) (from R package Ime4) to test for size differences of the
telencephalon, brain and gut between the up- and down-selected fish, where we fitted selection
line replicate as a random factor. Also, we used a set of Generalised Linear Mixed Effect
Models (GLMMs) (from R package Ime4) with binomial error distribution to test performance
(success vs failure) across test trials in the colour discrimination, reversal learning, detour, and
object permanence tests. In these models, either test rounds (learning tests) or trial numbers
(detour and object permanence) were standardised and added as continuous explanatory
variables to the corresponding statistical model. In addition, fish identity was fitted as a random
factor to account for individual repeated testing across trials. Additionally, in the GLMMs

testing for group level effects, replicate was added to the models as a random factor. By
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summing up individual performance rank across the three tests of executive functions: the
reversal learning, detour and object permanence (see above), we fitted two GLMMs with a
negative binomial distribution (due to overdispersion issues with the Poisson distribution) to

test for the effects of selection line and individual relative telencephalon size.

Finally, for the post hoc analyses, we used functions from the Estimated Marginal Means R
package (emmeans). This package allows post hoc analyses in models involving interaction
terms between categorical factors and continuous predictors. We also used the function
sim_slopes from the R package (interactions), which allowed us to generate statistics from an
interaction term between two continuous explanatory variables. The function reduces variance
in one of the two continuous variables into three values per default (mean, mean + 1SD, and
mean - 1SD) and generates predictions based on the statistical model for these three values 2.
We checked that all models met their corresponding assumptions, such as normality of
residuals and homogeneity of variance, dispersion in the mixed models, and the proportional
hazards assumptions for Coxph models. For further details, please refer to our step-by-step
code provided along with the data via the shared link in the Data and Code accessibility

statement.

Ethics

This work was approved by the ethics research committee of the Stockholm Animal Research

Ethical Permit Board [permit numbers: Dnr 17362-2019, 17402-2020].

Data availability

Data will be made available upon publication.

26



Author contribution

ZT and NK conceived and designed the study. SF established the telencephalon selection lines.
SF and MA prepared generation F5 of the telencephalon size selection lines. ZT, MA and SVN
collected the data. ZT analysed the data and generated the figures. ZT wrote the first draft. ZT
and NK finalised the manuscript with input from all authors. All authors gave final approval

for publication and agreed to be held accountable for the work performed therein.

Competing interests

All authors declare that they have no conflict of interest.

Acknowledgements
We thank Redouan Bshary for helpful feedback and discussions on a previous version of the

manuscript.

Funding
This work was supported by the Swiss National Science Foundation [grant number
P400PB_199286 to ZT] and the Swedish Research Council [grant number 2016-03435 and

2021-04476 to NK].

References
1. Diamond, A. Executive Functions. Annu. Rev. Psychol. 64, 135-168 (2013).
2. Miyake, A. et al. The unity and diversity of executive functions and their contributions to
complex “frontal lobe” tasks: A latent variable analysis. Cognit. Psychol. 41, 49-100

(2000).

27



10.

11.

12.

Uddin, L. Q. Cognitive and behavioural flexibility: neural mechanisms and clinical
considerations. Nat. Rev. Neurosci. 22, 167-179 (2021).

Kdohler, W. The mentality of apes. (K. Paul, Trench, Trubner & Co.; Harcourt, Brace &
Co., 1925).

Kabadayi, C., Bobrowicz, K. & Osvath, M. The detour paradigm in animal cognition.
Anim. Cogn. 21, 21-35 (2018).

Dudchenko, P. A., Talpos, J., Young, J. & Baxter, M. G. Animal models of working
memory: A review of tasks that might be used in screening drug treatments for the
memory impairments found in schizophrenia. Neurosci. Biobehav. Rev. 37, 2111-2124
(2013).

Read, D. W., Manrique, H. M. & Walker, M. J. On the working memory of humans and
great apes: Strikingly similar or remarkably different? Neurosci. Biobehav. Rev. 134,
104496 (2022).

Barkley, R. A. Executive Functions: What They Are, How They Work, and Why They
Evolved. (Guilford Press, 2012).

Reader, S. M. & Laland, K. N. Social intelligence, innovation, and enhanced brain size in
primates. Proc. Natl. Acad. Sci. 99, 44364441 (2002).

Shultz, S. & Dunbar, R. I. M. Species differences in executive function correlate with
hippocampus volume and neocortex ratio across nonhuman primates. J. Comp. Psychol.
124, 252-260 (2010).

Barton, R. A. & Harvey, P. H. Mosaic evolution of brain structure in mammals. 405, 4
(2000).

Reader, S. M., Hager, Y. & Laland, K. N. The evolution of primate general and cultural

intelligence. Philos. Trans. R. Soc. B Biol. Sci. 366, 1017-1027 (2011).

28



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

MacLean, E. L. et al. The evolution of self-control. Proc. Natl. Acad. Sci. 111, E2140—
E2148 (2014).

Wimer, C. & Prater, L. Some Behavioral Differences in Mice Genetically Selected for
High and Low Brain Weight. Psychol. Rep. 19, 675-681 (1966).

Falconer, D. S. Introduction to quantitative genetics. (Pearson Education India, 1996).
Kotrschal, A. et al. Artificial Selection on Relative Brain Size in the Guppy Reveals
Costs and Benefits of Evolving a Larger Brain. Curr. Biol. 23, 168-171 (2013).

Fong, S. et al. Rapid mosaic brain evolution under artificial selection for relative
telencephalon size in the guppy (Poecilia reticulata). Sci. Adv. 7, eabj4314 (2021).
Mueller, T., Dong, Z., Berberoglu, M. A. & Guo, S. The dorsal pallium in zebrafish,
Danio rerio (Cyprinidae, Teleostei). Brain Res. 1381, 95-105 (2011).

Ebbesson, L. O. E. & Braithwaite, V. Environmental effects on fish neural plasticity and
cognition. J. Fish Biol. 81, 2151-2174 (2012).

Salas, C. et al. Telencephalic ablation in goldfish impairs performance in a ‘spatial
constancy’ problem but not in a cued one. Behav. Brain Res. 79, 193-200 (1996).
Riedel, G. Long-term habituation to spatial novelty in blind cave fish (Astyanax hubbsi):
role of the telencephalon and its subregions. Learn. Mem. 4, 451-461 (1998).

Lopez, J. C., Bingman, V. P., Rodriguez, F., Gomez, Y. & Salas, C. Dissociation of place
and cue learning by telencephalic ablation in goldfish. Behav. Neurosci. 114, 687—699
(2000).

Portavella, M., Vargas, J. P., Torres, B. & Salas, C. The effects of telencephalic pallial
lesions on spatial, temporal, and emotional learning in goldfish. Brain Res. Bull. 57, 397—
399 (2002).

Broglio, C., Rodriguez, F. & Salas, C. Spatial cognition and its neural basis in teleost

fishes. Fish Fish. 4, 247-255 (2003).

29



25.

26.

217.

28.

29.

30.

31.

32.

33.

Triki, Z., Fong, S., Amcoff, M. & Kolm, N. Artificial mosaic brain evolution of relative
telencephalon size improves inhibitory control abilities in the guppy (Poecilia reticulata).
Evolution 76, 128-138 (2022).

Deaner, R. O., van Schaik, C. P. & Johnson, V. Do Some Taxa Have Better Domain-
General Cognition than others? A Meta-Analysis of Nonhuman Primate Studies. Evol.
Psychol. 4, 147470490600400 (2006).

Izquierdo, A., Brigman, J. L., Radke, A. K., Rudebeck, P. H. & Holmes, A. The neural
basis of reversal learning: An updated perspective. Neuroscience 345, 12-26 (2017).
Buechel, S. D., Boussard, A., Kotrschal, A., van der Bijl, W. & Kolm, N. Brain size
affects performance in a reversal-learning test. Proc. R. Soc. B Biol. Sci. 285, 20172031
(2018).

Ashton, B. J., Ridley, A. R., Edwards, E. K. & Thornton, A. Cognitive performance is
linked to group size and affects fitness in Australian magpies. Nature 554, 364-367
(2018).

Triki, Z. & Bshary, R. Sex differences in the cognitive abilities of a sex-changing fish
species Labroides dimidiatus. R. Soc. Open Sci. 8, 210239 (2021).

Burkart, J. M., Schubiger, M. N. & van Schaik, C. P. The evolution of general
intelligence. Behav. Brain Sci. 1-65 (2016).

Lucon-Xiccato, T., Gatto, E. & Bisazza, A. Fish perform like mammals and birds in
inhibitory motor control tasks. Sci. Rep. 7, 13144 (2017).

Lowe, J., MacLean, P. C., Shaffer, M. L. & Watterberg, K. Early Working Memory in
Children Born With Extremely Low Birth Weight: Assessed by Object Permanence. J.

Child Neurol. 24, 410-415 (2009).

30



34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

Piaget. Piaget, Jean. The Origins of Intelligence in Children. New York: W. W. Norton &
Company, Inc. (The Norton Library, N202), 1963, 419 p., $1.95 (paper). Psychol. Sch. 3,
189-189 (1952).

Call, J. Object permanence in orangutans (Pongo pygmaeus), chimpanzees (Pan
troglodytes), and children (Homo sapiens). J. Comp. Psychol. 115, 159-171 (2001).
Triana, E. & Pasnak, R. Object permanence in cats and dogs. Anim. Learn. Behav. 9,
135-139 (1981).

Singer, R. & Henderson, E. Object permanence in marine mammals using the violation of
expectation procedure. Behav. Processes 112, 108-113 (2015).

Hoffmann, A., Rittler, V. & Nieder, A. Ontogeny of object permanence and object
tracking in the carrion crow, Corvus corone. Anim. Behav. 82, 359-367 (2011).

Aiello, L. C. & Wheeler, P. The expensive-tissue hypothesis: the brain and the digestive
system in human and primate evolution. Curr. Anthropol. 36, 199-221 (1995).

Aiello, L. C. Brains and guts in human evolution: The Expensive Tissue Hypothesis.
Braz. J. Genet. 20, 141-148 (1997).

Isler, K. & van Schaik, C. Costs of encephalization: the energy trade-off hypothesis tested
on birds. J. Hum. Evol. 51, 228-243 (2006).

Clark, D. A., Mitra, P. P. & Wang, S. S.-H. Scalable architecture in mammalian brains.
Nature 411, 189-193 (2001).

Striedter, G. F. Principles of brain evolution. (Sinauer Associates, 2005).

White, G. E. & Brown, C. Microhabitat Use Affects Brain Size and Structure in Intertidal
Gobies. Brain. Behav. Evol. 85, 107-116 (2015).

Triki, Z., Levorato, E., McNeely, W., Marshall, J. & Bshary, R. Population densities
predict forebrain size variation in the cleaner fish Labroides dimidiatus. Proc. R. Soc. B

Biol. Sci. 286, 20192108 (2019).

31



46.

471.

48.

49,

50.

51.

52.

53.

54,

Triki, Z., Emery, Y., Teles, M. C., Oliveira, R. F. & Bshary, R. Brain morphology
predicts social intelligence in wild cleaner fish. Nat. Commun. 11, 6423 (2020).
Marhounova, L., Kotrschal, A., Kverkova, K., Kolm, N. & Némec, P. Artificial selection
on brain size leads to matching changes in overall number of neurons. Evolution 73,
2003-2012 (2019).

Kotrschal, A., Kolm, N. & Penn, D. J. Selection for brain size impairs innate, but not
adaptive immune responses. Proc. R. Soc. B Biol. Sci. 283, 20152857 (2016).

Trinh, A.-T., Harvey-Girard, E., Teixeira, F. & Maler, L. Cryptic laminar and columnar
organization in the dorsolateral pallium of a weakly electric fish. J. Comp. Neurol. 524,
408-428 (2016).

Karten, H. J. Vertebrate brains and evolutionary connectomics: on the origins of the
mammalian ‘neocortex’. Philos. Trans. R. Soc. B Biol. Sci. 370, 20150060 (2015).
Yuan, P. & Raz, N. Prefrontal cortex and executive functions in healthy adults: A meta-
analysis of structural neuroimaging studies. Neurosci. Biobehav. Rev. 42, 180-192
(2014).

Lefebvre, L., Reader, S. M. & Sol, D. Brains, Innovations and Evolution in Birds and
Primates. Brain. Behav. Evol. 63, 233-246 (2004).

Triki, Z., Granell-Ruiz, M., Fong, S., Amcoff, M. & Kolm, N. Brain morphology
correlates of learning and cognitive flexibility in a fish species (Poecilia reticulata). Proc.
R. Soc. B (2022) doi:10.32942/osf.io/uqyt8.

Savage, G. E. The Fish Telencephalon and Its Relation to Learning. in Comparative
Neurology of the Telencephalon (ed. Ebbesson, S. O. E.) 129-174 (Springer US, 1980).

doi:10.1007/978-1-4613-2988-6_6.

32



55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

Lopez, J. C., Broglio, C., Rodriguez, F., Thinus-Blanc, C. & Salas, C. Reversal learning
deficit in a spatial task but not in a cued one after telencephalic ablation in goldfish.
Behav. Brain Res. 109, 91-98 (2000).

Bshary, R. & Brown, C. Fish cognition. Curr. Biol. 24, R947-R950 (2014).

Salena, M. G. et al. Understanding fish cognition: a review and appraisal of current
practices. Anim. Cogn. 24, 395406 (2021).

Bshary, R. & Triki, Z. Fish ecology and cognition: insights from studies on wild and
wild-caught teleost fishes. Curr. Opin. Behav. Sci. 46, 101174 (2022).

Northmore, D. The Optic Tectum. in 131-142 (2011).

Huber, R., Staaden, M. J. van, Kaufman, L. S. & Liem, K. F. Microhabitat Use, Trophic
Patterns, and the Evolution of Brain Structure in African Cichlids. Brain. Behav. Evol.
50, 167182 (1997).

Gonzalez-Voyer, A. & Kolm, N. Sex, Ecology and the Brain: Evolutionary Correlates of
Brain Structure Volumes in Tanganyikan Cichlids. PLOS ONE 5, 14355 (2010).
Striedter, G. F. & Charvet, C. J. Developmental origins of species differences in
telencephalon and tectum size: morphometric comparisons between a parakeet
(Melopsittacus undulatus) and a quail (Colinus virgianus). J. Comp. Neurol. 507, 1663—
1675 (2008).

Zewald, J. & Jacobs, I. Object Permanence. in Encyclopedia of Animal Cognition and
Behavior (eds. Vonk, J. & Shackelford, T.) 1-17 (Springer International Publishing,
2020). doi:10.1007/978-3-319-47829-6_2103-1.

Fong, S., Buechel, S. D., Boussard, A., Kotrschal, A. & Kolm, N. Plastic changes in brain
morphology in relation to learning and environmental enrichment in the guppy ( Poecilia
reticulata ). J. Exp. Biol. 222, jeb200402 (2019).

Shettleworth, S. J. Cognition, evolution, and behavior. (Oxford University Press, 2010).

33



66.

67.

68.

69.

70.

71.

MacLean, E. L. et al. How does cognition evolve? Phylogenetic comparative psychology.
Anim. Cogn. 15, 223-238 (2012).

Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675 (2012).

Pollen, A. A. et al. Environmental Complexity and Social Organization Sculpt the Brain
in Lake Tanganyikan Cichlid Fish. Brain. Behav. Evol. 70, 21-39 (2007).

R Core Team. A language and environment for statistical computing. (2022).
Nakagawa, S., Kar, F., O’Dea, R. E., Pick, J. L. & Lagisz, M. Divide and conquer? Size
adjustment with allometry and intermediate outcomes. BMC Biol. 15, 107 (2017).

Bauer, D. J. & Curran, P. J. Probing Interactions in Fixed and Multilevel Regression:

Inferential and Graphical Techniques. Multivar. Behav. Res. 40, 373—400 (2005).

34



	Competing interests

