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Abstract

Environmental and individual experiences can result in immediate and persistent changes in
behaviour. Often, such effects are also sex-dependent. Interspecific interactions can be one of the
most important environments an individual faces. Such social interactions are expected to affect a
suite of behavioural traits and their correlations. Here, we used Drosophila melanogaster and high-
throughput automated behavioural phenotyping to determine how social environment (group mixed
sex, group single sex, and social isolation) and sex interact to affect basic behaviours (exploration,
movement within a y-maze, and habituation to a startle) that likely underlie more complex
behaviours such as mate searching and foraging. We show that such behaviours and some
behavioural correlations are indeed context- and sex-dependent. Males tended to show greater
exploration, while females were more likely to show a habituation response to startle. Males and
females from the mixed sex and isolated treatments showed opposite exploratory behaviour in the
Y-maze, and social treatment interacted with sex to affect the rate of habituation to a startle.
Females also tended to have slightly stronger trait correlations compared to males. These results
show that social environment and sex can play a significant role in shaping behaviour in Drosophila
melanogaster. Our study provides insights into how the type of social stimulation and sex can
interact to affect behaviours that are important in forming critical behaviours related to foraging and

mate searching.

Keywords
Behavioural plasticity, behavioural syndrome, environmental enrichment, mating, olfaction,

pheromones, personality, social deprivation, sex differences, insect

Introduction

Individuals are constantly sensing their surrounding environment and adjusting their behaviour
accordingly (Dingemanse & Wolf, 2013; Snell-Rood, 2013). In many taxa, multiple sensory
modalities, including vision, audition, olfaction, tactician, gustation, and nociception have evolved to
detect the environment, often through ‘cross-modal’ interactions (Shimojo & Shams, 2001; Sur et
al., 1990). Using these senses, environmental information is conveyed to neuronal networks that
trigger behavioural responses (Snell-Rood, 2013). Behavioural responses can be ‘activational’, where

an individual immediately reacts to a stimulus (e.g., hiding from a predator) (Snell-Rood, 2013), or
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persistent, resulting in long-term behavioural changes (Maleszka, 2016; Sinn et al., 2008)). As
behaviours can be consistent within individuals, forming the basis of personalities and behavioural
syndromes (Dingemanse and Dochtermann 2013), persistent behavioural changes due to the
environment can be seen as integral parts of the repeatable behaviour machinery (Kempermann

2019).

A paradigm that is often used to test the stimulation of multiple sensory pathways on behavioural
plasticity is ‘environmental enrichment’; an assumption that specific changes in the complexity of
surrounding environment can enhance animals’ natural behaviours (Freund et al. 2013; Hebb, 1949;
Kempermann 2019). For example, complex and novel ‘enriched’ environments require the use of
multiple sensory pathways that can result in persistent changes in brain structure and function
(Freund et al. 2013; Kempermann 2019; Kozorovitskiy et al., 2005; Mohammed et al., 2002; Singhal
et al., 2014). Increases in sensory stimulation can alter brain characteristics such as brain size and
weight, while sensory deprivation can disrupt normal neuronal functioning (reviewed in Baroncelli et
al., 2010; van Praag et al., 2000). These changes in brain structure and function can manifest as
changes in many behaviours, including exploratory behaviours, learning, and memory (Gardner et
al., 1975; Heisenberg et al., 1995; Margulies et al., 2005; Nithianantharajah and Hannan 2006).
Resulting modifications of behaviour and physiology may have measurable impacts on animal
survival and reproduction, contributing to the fitness of captive or farmed species (Carlstead and

Shepherdson 1994; Arechavala-Lopez et al. 2022; Zhang et al. 2022).

Comparing animals reared in typical laboratory vs. enriched conditions may be argued to be of little
importance — after all, it is the enriched environment that should reflect the natural environment of
a species, and thus such comparisons may have questionable applications in terms of their biological
adequacy. However, any differences observed in such contexts provide valuable insights into
evolutionary and ecological processes that drive the evolution of animal behaviours linked to
environmental enrichment (Newberry 1995). It may also inform how wild animals respond to
changes in the complexity of their natural environment, an important pattern because of the known
feedback between environmental enrichment and the plasticity of the nervous system
(Nithianantharajah and Hannan 2006). Consequently, such comparisons could expose feedbacks
maintaining optimal levels of interspecific interactions in natural contexts. The approach of
“breaking” an existing integrated behavioural system — if successful — would also provide a valuable
starting point for future in-depth genomic or neurophysiological studies, exposing the most

promising targets for such assays.
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Arguably, intraspecific interactions are one of the most important environments an individual
interacts with. Social interactions provide individuals with a range of stimuli and challenges, such as
opportunities for mating, communication, or competition. Indeed, studies on taxonomically diverse
species have shown that social interactions can change brain functioning (Arechavala-Lopez et al.
2022; Cummings et al., 2008; Ellis & Carney, 2010; Gardner et al., 1975; Yeh et al., 1996).
Furthermore, inter-sexual interactions to assess mate quality prior to and during mating often
require the use of many senses and neural pathways which can then affect behaviour (Hollis &
Kawecki, 2014; Maggu et al., 2022; Kurtovic et al., 2007; Lin et al., 2016; Mak et al., 2007; Agrawal et
al., 2014; Houde, 1987). For example, studies on Drosophila melanogaster have shown that
expression of behaviour-related genes in female brains can change in response to courtship cues
from males (Immonen & Ritchie, 2012) and that males and females can show sex-specific gene
expression in response to mating, which may then correspond to behavioural changes (see Mank et
al., 2013). Intra-sexual interactions, such as assessing competitors, are also likely to affect
behavioural plasticity, but may have different effects compared to inter-sexual interactions (Dankert
et al., 2009). Additionally, individuals that lack any form of social interaction can often show atypical
behaviour, potentially due to stimulus deprivation and disrupted development (Dankert et al., 2009;

Sethi et al., 2019).

One of the important social contexts in animal behaviour is related to mating — as such inter-specific
interactions can have not only overall, but also sex-specific effects on individuals. For example, the
effects of mating have been shown to differentially affect gene expression in the head and thorax in
female D. melanogaster compared to males (Fowler et al., 2019), and such differences in gene
expression may then correspond to differences in behaviour (Bath et al., 2017; Carvalho et al., 2006;
Isaac et al., 2010). Such sex-specificity extends also to cross-trait correlations: Han et al., (2015)
showed that the correlation between boldness behaviours under different mating environments
differed between males and females in the water strider (Gerris gracilicornis). Similarly, Videlier et
al.,, (2019) found that the correlation between resting metabolic rate and locomotor behaviour was
sex-specific and environment-dependent in D. melanogaster. Thus, social environments may alter

behaviours and behavioural correlations differently for males and females.

In spite of considerable research effort, the effects of the social environment still remain a poorly
understood aspect of the complex interplay between environment and behaviour. In particular we

still have only fragmentary knowledge on the impacts of social environment on overall behavioural
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responses, especially in the context of sex-specific effects. To examine how intraspecific social
environment affects male and female behaviour, we determined the effects of varying levels of
social environment enrichment and sex (both direct and interactive) on three basic behavioural
traits that are related to exploration, stress habituation, and memory. We also determined if these
traits were correlated and if the strength of the correlations was affected by social environment and
sex. To do this, we housed adult Drosophila melanogaster of both sexes in isolation (l), or in either
group mixed sex (GM) or group single sex (GS) vials of equal density and assayed them using a high-

throughput phenotyping setup to measure several proxies exploratory and memory behaviours.

Similar traits have already been shown to have modified responses under environmental enrichment
(van Praag et al., 2000), so we predicted that (i) isolated individuals (i.e., deprived of any form of
social stimulation) would show reduced behavioural responses compared to individuals exposed to
social stimulation, (ii) inter-sexual interactions (i.e., being held in mixed sex groups) would result in
the highest sensory stimulation which may manifest in the strongest behavioural responses and (iii)
males and females would respond differently to social environment (i.e., interaction between social
environment and sex). The latter could result from the fact that mating can also result in various
physiological changes, such as reduced female receptivity to mating after exposure to male seminal
fluid proteins. Because female movement is attractive to males, this may then correspond to altered
behaviours such as reduced female exploration relative to males (Laturney & Billeter, 2014;
Tompkins et al., 1982). Importantly, assuming a socially enriched environment to be a biological
default, our predictions should conceptually be seen as reductions in observed responses when
exposed to suboptimal social environment. Lastly, we predicted that (iv) the measured behavioural
traits would be positively correlated, but that the strength of the correlations would be sex- and
social environment- specific, potentially reflecting differing roles these behaviours play in inter-
individual interactions in opposite sexes. Arguably, integration of various movement/exploration
related traits would be stronger in males (as their reproductive success should depend more on such
behaviours), and in contexts providing increased social stimulation (which, in turn, could be seen as
a form of behavioural plasticity). Understanding such context- and sex-specific effects on
behavioural plasticity and correlations is expected to provide insights into how social-stimulation
and complexity of the social environment can change suites of behaviours that underline critical

functions, such as foraging or mate searching.
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Methods

Study animals

We used Canton-S wild-type Drosophila melanogaster reared with overlapping generations at the
Charles Perkins Centre, the University of Sydney. We did not require ethics approval for use of these
study animals. Stock flies were kept at 25°C, 65% humidity and a 12:12 light:dark cycle. Experimental
flies (see below) were reared in the same conditions but at 60% humidity. All fly stocks and
experiment flies were reared on a standardised food medium consisting of 1625 ml molasses, 325 g

yeast, 1000 g cornflour, 150 ml propionic acid, 300 ml Nipagen, 150 g agar, and 24200 m| water.

The larvae of the experimental flies were reared in a standardised density in 55 — 65 ml of food
medium. Adult flies were collected as virgins (< 8 hours post adult eclosion) and randomly allocated
to adult treatment vials. We had three treatments: isolated individuals (1), group single sex (GS), and
group mixed sex (GM). Isolated treatments had one single male or one single female per vial, the GS
treatment had either 10 males or 10 females per vial, and the GM treatment had five males and five
females per vial. Therefore, while males and females were housed together in the same vial for the

GM treatment, we had six treatments and sex combinations to be used in behavioural assays.

The flies eclosed in six batches spread across three weeks (two batches per week). For each batch,
we had 40 | male and | female vials, 8 GS male and GS female vials, and 12 GM vials (see below for
sample size). Flies from each batch were transferred into their treatment vials at the Charles Perkins
Centre, and were then delivered to the School of Biological, Earth, and Environmental Science,
University of New South Wales, Sydney for housing and completion of the behavioural assays. Each
batch was split into two ‘sessions’, where half the batch was housed in an incubator where the 12h
light cycle started at 9am and the other half of the batch was stored in an incubator where the 12h
light cycle started at 1pm. This was so we could assay all flies from one batch on a single day (i.e., in
a morning session and an afternoon session) while standardising the circadian rhythm so that all
sessions were conducted in the ‘morning’ activity period for the flies and avoid their mid-day low
activity period. Flies were housed in their treatment vials for 8 days (flipped into new vials with fresh

food on day 3 and 6) prior to the behavioural assays.

Behavioural assays

The assay methods are based on the detailed methods reported in Macartney et al., (2022). Briefly,

we used high-throughput automated tracking units produced by Zantiks (Cambridge, UK). These
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units are designed to track small-sized animals where each unit consists of i) an experimental
chamber where the animals are placed (see below for details of the ‘plates’ that the individuals are
loaded into prior to being placed in the unit chamber), ii) a camera that tracks the animals, and iii) a

computer controlling the units. All units were programmed to maintain 25°C in the chamber.

Using these units, we conducted three different behavioural assays: 1) locomotion tracking where
the overall movement of individuals was measured within a 1cm deep and round arena, 2) startle
response to a light-off startle (also conducted in the same 1cm deep and round arena as the
locomotion assay), and 3) exploration in a Y-maze (see Macartney et al., (2022) for more details
about the arenas). The locomotion tracking assay ran for 29 mins (including a 10 min habituation
period) and then the distance travelled by each individual was recorded across three intervals that
were 10 mins each. The light-off startle response recorded the distance travelled in a 1-second
interval following three consecutive 15-ms light-off pulses, allowing us to measure habituation
across the pulses. The y-maze assay recorded ‘trigrams’ of the direction flies travelled between arms

(e.g., RRR, LLL RLR, LRL etc where R =right, L= left) (see Macartney et al., 2022).

For each session (i.e., morning and afternoon session per batch), we assayed 84 flies (14 flies per
treatment and sex combination). In total, we assayed 186 flies per batch, and 1008 flies (168 flies
per treatment and sex combination; see below for final sample size after accounting for deaths and

lack of movement detected within arenas).

At the start of each session, all flies were anesthetized by briefly submerging vials in a bucket of ice.
All flies from each treatment and sex combination were then tipped into separate petri dishes.
Fourteen flies from each treatment and sex combination were randomly selected from their
respective petri dishes and aspirated into either a 48 well-plate (only 42 wells were filled) or into a y-
maze plate; y-mazes consisted of three plates with 15 mazes per plate and we filled 14 mazes per
plate (see Macartney et al (2022) for further details). The order at which flies from each treatment
and sex combination were transferred into the well-plate or y-mazes, was predetermined using a
random-number generator so that flies from each treatment and sex were randomly distributed
across the plates. Flies were then given 10 min at 25°C to recover and were transferred into four
different assay units: one for the well-plate with all 42 flies and three units for each of the three y-
maze plates. The unit with the well-plate always recorded locomotion first, followed by the light-off

startle response.
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After each unit had completed running the assay, the well-plate and y-maze plates were briefly
placed in a -25°C freezer until the flies were anesthetized again. All individuals from the well-plate
were then transferred to three clean y-maze plates and the individuals from the y-maze plates were
transferred to a clean well-plate. Each location in the well-plates and y-mazes always corresponded
to each other (i.e., individuals in the first well were always transferred into the first y-maze) so that
we could keep track of individual flies when transferring them between plates (see Macartney et al
(2022)). Flies were then given another 10 min recovery period at 25°C then were transferred back
into the units to run the assays (i.e., individuals that were previously in the well-plate and had
experienced the locomotion and light-off startle response assays were now in the units for the y-

maze assay and vice versa). Flies were then discarded after the assays.

Data analysis

Each unit produced a datasheet per assay run. All datasheets were labeled with a unique ID,
meaning that we could match each datasheet to individuals, their social treatment, and sex. All data
was cleaned and analysed in the R environment (version 4.2.2) using RStudio. All data and code can
be found on the Open Science Framework at

https://osf.io/uzm4q/?view only=d4fa4a5984764a778279d4483ae07f7c.

First, we conducted univariate models using the Ime4 package (Bates et al., 2015). Each model
included treatment and sex as fixed effects and the treatment x sex interaction. Batch ID and
individual ID were included as a random effect in all models. Individual ID was included as a random
effect in the locomotion and startle-response assay (habituation) as observations were conducted
over three time intervals, and individual ID was included as a random effect in the y-maze analysis as
an observation level random effect to account for over-dispersion. Both locomotion and light-off
startle response data were analysed as linear mixed-effects models with a gaussian distribution
where the total distance travelled (log-transformed to improve residual normality) was the response
variable . The startle-response assay also included a three-way interaction between startle number
(i.e., startle 1, 2, or 3), sex, and treatment, as well as two two-way interactions between startle
number and sex, and startle number and treatment. The y-maze data was originally analysed using a
three-way interaction between the type of trigram response, sex, and treatment (see Supplementary
material), but was also analysed using two separate generalized linear mixed effect model with a
Poisson distribution where the response variable was either the number of alternating (e.g., LRL or

RLR) or sequential trigrams (LLL, RRR). We did not include partial trigrams in the analysis due to
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more types of partial trigrams (LLR, RRL, RLL, LRR), thus biasing the number of partial trigrams

relative to alternating and sequential trigrams.

For all analyses, we removed flies that were not detected to show any movement (see below for
final sample sizes). These flies were removed as we cannot differentiate between the ‘true effects’
of the fly not moving or due to issues with the machine detecting movement. However, we did find
that a large majority of flies did not show a startle response to the light-off stimuli, suggesting that
only some flies were sensitive to the startle. We, therefore, conducted an additional analysis using a
generalized linear mixed-effects model with a binomial distribution (1 = the fly showed any startle
during the assay, 0 = no startle detected) to assess if there were any treatment or sex effects on
which flies showed a startle at all or not. This model included the main and interactive effects of sex

and treatment as well as batch as a random effect.

Test statistics and p-values for all models were calculated using the Anova function from the car
package (Fox & Weisberg, 2019). We calculated the percentage of variation explained by differences
between individuals and differences between batches out of the total variation in the model for
each behavioural response using the rptR package (Stoffel et al., 2017), which implements ICC (intra-
class correlation) and marginal R? via mixed-effects models (Nakagawa et al., 2017; Nakagawa &

Schielzeth, 2013).

To explore multivariate (multi-response) patterns of correlations between pairs of variables, we
have fitted multi-response mixed models to our data using the MCMCglmm R package (Hadfield
2010). The model had a similar fixed effects structure as described above. However, it fitted a
heterogenous (split by treatment groups and by sex) covariance matrix for the included behavioural
traits, which resulted in a block-diagonal covariance structure across all modelled traits and
treatments. The model was run for 100,000 iterations, with the ‘burn-in’ period of 20,000 iterations
and posterior sampling every 80 iterations. We used uninformative inverse-Wishart priors for all
(co)variance parameters. In its final version, the model included three response variables (log-
transformed locomotory activity, assumed to be normally distributed; the number of repetitive turns
in the y-maze assay, assumed to be Poisson-distributed with a log-link function; startle response
magnitude, assumed to be normally distributed). Estimated (co)variances were used to derive

treatment- and sex-specific correlations between pairs of traits.
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Due to some deaths and losses during the assay period or no movement detected during the assays,
our final sample sizes were reduced and varied between assays. N = 930 flies for the locomotion
assay, N = 694 for the y-maze assay, N = 930 for the startle response assay when analysed with a
binomial distribution (assessing if flies showed a startle response at least once during the assay), N =
188 for the startle response assay where flies showed a startle response across all three startles

(used to test for habituation). See figures legends for treatment and sex sample sizes for each assay.

Results

Effects of social environment and sex on average behavioural traits

We show that males travelled larger distances during the locomotion assay than females (Fig. 1;
Table 1). We did not detect any effect of social treatment nor a treatment x sex interaction in the
locomotion assay (Table 1). Differences between individuals explained 41.89% of the total variation
in locomotion, and differences between batches explained 5.66% of the total variation in

locomotion.

For the startle response, we detected a main effect of social treatment on if the flies responded at
least once to the stimuli (i.e., binomial analysis) (Table 1). In this analysis, we found that isolated
individuals (I) were more likely to show a startle response relative to the group mixed sex (GM)
individuals (Z = 3.90, p < 0.001) and group single sex (GS) individuals (Z =0.69, p = 0.01). We did not
find significant differences in the startle response between GM and GS individuals (Z=1.65, p =
0.10). When only analysing the individuals that showed a startle across all three startles to test for a
habituation response, we detected a significant three-way interaction between treatment, sex, and
startle number (Fig. 2; Table 1). We show that females exhibit greater habituation to the startle
across the three startles. Females from the group mixed sex (GM) and isolation (I) treatments also
showed a much larger reaction to the first startle, then displayed habituation (i.e., reduced reaction)
to the following startles (Fig. 2). Group single sex (GS) females also appeared to show habituation
but to a lesser degree (Fig. 2). Males did not appear to show strong habituation to the startles
overall, except for a trend towards reduced reactions with each consecutive startle in the GS
treatment, similar to the habituation response shown in GS females. Differences between individuals
explained 14.69 % of the variation in the startle response and there was no detectable variation due

to batch (<0.001%).

Lastly, we found that individuals showed a significantly greater tendency to walk in repetitive
trigrams (‘repetitions’) (i.e., LLL, RRR) compared to alternating trigrams (i.e., LRL, RLR) (Z=103.09, p

=<0.001) (Fig. 3). When analysing repetitive trigrams and alternating trigrams separately for ease of

10
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interpretation (note that we also detected a three-way interaction between trigram type, sex, and
treatment; see Table S1), we show that there is a significant sex x treatment interaction for both
repetitive and alternating trigrams (Fig. 4; Table 1; see Table S2 for an analysis of partial trigrams).
Females performed the least alternation or repetition trigrams (i.e., moved the least), and females
from GM treatment performed the least trigrams (both repetitive and alternating) compared to the
other treatments (Fig. 4; Table 1). When focussing on repetitive trigrams, males from the group
mixed sex (GM) treatment performed the most repetitive trigrams, and males from the isolated (1)
treatment performed the least repetitive trigrams (Fig. 4). The opposite pattern occurred in females;
females from the group mixed sex (GM) performed the least repetitive trigrams, and females from
the isolated (I) treatment performed the most repetitive trigrams (Fig. 4). Differences between
individuals explained 43.71% of the total variation in alternation trigrams and differences between
batches explained 1.32% of the total variation in alternation trigrams. Differences between
individuals explained 21.02% of the total variation in repetitive trigrams, and differences between

batches explained 3.01% of the total variation in repetitive trigrams.

7.5
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251
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GM GS |
Treatment

log(arena distance +1)

Fig. 1 Violin plot showing treatment and sex effects on the logged arena distance (+1) that the flies
travelled during the locomotion assay. Red = females, blue = males, GM = group mixed sex, GS =

group single sex, | = isolated individuals. Point and line represent mean + SD. Samples sizes were n =

11
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157 for GM females, n = 154 for GM males, n = 157 for GS females, n = 160 for GS males, n = 148 for

| females, and n = 154 for | males.
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Fig. 2 Mean + SD plot showing treatment and sex effects on the logged arena distance (+1) that the
flies travelled after each light-off startle within treatments and sex. GM = group mixed sex, GS =
group single sex, | = isolated individuals. Dark to light represents first through to third startle.
Samples sizes for the number of individuals that showed at least one startle (binomial analysis) were
n =157 for GM females, n = 154 for GM males, n = 157 for GS females, n = 160 for GS males, n = 148
for | females, and n = 154 for | males. Sample sizes for the number of individuals that showed a
startle across all three startles (habituation analysis) were n = 16 for GM females, n = 27 for GM

males, n = 26 for GS females, n = 33 for GS males, n =42 for | females, and n = 44 for | males.
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Fig. 3 Bar charts showing (A) the number of trigrams the flies performed during the y-maze assay
and (B) the broad trigram types (i.e., alternation or repetition trigrams). Alternations = LRL, RLR,
repetitions = LLL, RRR. Note that partial trigrams (LLR, LRR, RRL, RLL) were excluded in panel B due to

the bias in the number of trigram categories which would inflate the number of counts.
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Fig. 4 The number of alternations versus repetitions within treatments and sex (red = female, blue =
male). GM = group mixed-sex, GS = group single sex, | = isolated individuals. Samples sizes were n =
61 for GM females, n = 137 for GM males, n = 118 for GS females, n = 146 for GS males, n = 101 for |

females, and n = 131 for | males. See Table S1 for partial trigrams.
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Table 1 Main effects and interactions of sex and treatment on locomotion, startle response
(binomial where individuals showed at least one startle, and habituation where individuals showed a
startle response across all three light-off pulses), Y-maze alternations and repetitions. Startle
response includes an interaction with startle number and that group mixed sex individuals showed a

significantly negative correlation between locomotion and the number of repetitions.
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Locomotion Startle (binomial) Startle (habituation) Y-maze alternations Y-maze repetitions

X df p X df | p X df |p X df | p X df p
Treatment 1.78 2 0.41 19.98 |2 <0.001 441 2 0.11 2.97 2 0.22 4.57 2 0.10
Sex 90.07 |1 <0.001 2.18 1 0.14 3.22 1 0.07 83.74 1 <0.001 214.85 1 <0.001
Startle number | - - - - - - 20.68 2 <0.001 - - - - - -
Treatment x 3.49 2 0.17 2.15 2 0.34 5.50 2 0.06 93.52 2 <0.001 156.34 2 <0.001
sex
Treatment x - - - - - - 0.40 2 0.82 - - - - - -
startle number
Sex x startle - - - - - - 6.93 1 0.01 - - - - - -
number
Treatment x - - - - - - 6.54 2 0.04 - - - - - -

sex x startle

number

383
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384  Effects of social environment and sex on trait correlations

385  We found that the startle response (i.e., if the flies showed a startle to the light-off startle) and the
386 number of repetitions were significantly positively correlated (Fig. 5A; supplementary material Table
387 S1). However, the startle and the number of repetitions did not correlate with locomotion (Fig. 5A;
388 supplementary material Table S1).

389

390 When examining if correlations were only present under certain social contexts or within a particular
391 sex, we found that only isolated individuals showed a significantly positive correlation between the
392 startle response and the number of repetitions (Fig. 5B; supplementary material Table S1). We also
393  found that females tended to show stronger positive trait correlations compared to males where
394  females, but not males, showed a significant positive correlation between startle response and

395 repetitions, and a positive, yet non-significant, correlation between locomotion and startle response

396  (Fig. 5C; supplementary material Table S1).
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Fig. 5 Posterior means and 95% Credible Intervals (Cl) of the correlations between the average
distance in the locomotion assay, startle response (binary), and number of repetitions in the y maze.
(A) the overall correlations across treatment and sex, as well as grouped by (B) treatment and (C)
sex. loco = locomotion, reps = repetitions, startle = startle response, GM = group mixed sex, GS =

group single sex, | = isolated individuals.

Discussion

Our study investigated the effects of social environment and sex on behaviours relating to
exploration, habituation to stress, and memory in captive Drosophila melanogaster. We observed
sex-dependent effects of social stimulation on behaviour. Notably, we found that males tended to
show greater exploration in both the locomotion assay and the y-maze assay, but also that the
amount of movement within the y-maze (i.e., number of repetition and alternation trigrams) was
dependent on interaction between social environment and sex. We also found that females were
more likely to show a habituation response, and that the strength of this response was dependent
on social environment. Lastly, in terms of cross-trait correlations, females tended to have stronger
trait associations than males, although we acknowledge that these results may need a larger sample
size to achieve satisfactory power. Overall, our findings indicate that the social environment can
affect behaviour in Drosophila melanogaster, and that these behavioural responses can be sex-
dependent. This has implications for understanding the role of social environment in shaping basic
behaviours, particularly those that are likely to underlie more complex behaviours such as mate

searching or foraging.

Behavioural plasticity in response to a range of external stimuli and across several traits has been
reported in many species, including Drosophila melanogaster. Social cues are among some of the
external factors that induce behavioural plasticity. Mated females can, for instance, alter their
choosiness towards males via plastic changes in olfactory sensitivity to male pheromones (Kohlmeier
et al. 2021). Similar responses were identified in males where perception of male-male competition
plastically altered individual aggression levels (Nandy et al. 2016). Social proximity to competitors
was also shown to modify male copulatory behaviour, even in species where remating is rare (i.e.,

where the risk of losing paternity to competitors should be absent; Lizé et al. 2011).

Our findings are also in line with previous research showing that males and females can respond

differently to sensory and environmental stimulation (Fowler et al., 2019; Han et al., 2015; Videlier
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et al., 2019). Interestingly, we observed that males and females from the group mixed sex and
isolated treatments showed opposite exploratory behaviour in the y-maze. Males from the group
mixed sex (GM) treatment showed the most exploration (both alternations and repetitions, although
repetitions were considerably higher), while isolated males showed the least. In contrast, females
from the GM treatment showed the least exploration, and isolated females showed the most (again,
consistent between alternations and repetitions). The observed direction of differences aligns with
published evidence on D. melanogaster y-maze behaviour. For example, flies housed in intensely-
enriched environments (habitat enrichment with plants, artificial barriers and obstacles, large open
space for exploration) tend to increase their exploratory behaviour in y-mazes (Akhund-Zade et al.
2019), both in terms of the number of turns and the variation in turning pattern. However, this study
did not account for the potential sex differences that we have demonstrated. These differences may
be related to sex-specific effects of sensory stimulation incurred by social environment and/or
differences in mating behaviour between the sexes. For example, social isolation can cause
increased anxiety and reduced exploratory behaviour in other species (Mumtaz et al., 2018; Weiss et
al., 2004). Nevertheless, the lack of social stimulation in the isolated treatment seemed to enhance
exploration in females compared to those in the GM treatment. This sex difference in exploration in
the GM treatment may be related to the refractory period experienced by previously mated females,
where mated females will actively avoid additional matings, which may also correspond to reduced
movement/exploration (Tompkins et al., 1982; Wolfner, 1997). A reduction in exploratory behaviour
in the isolated males was less pronounced, but movement within the Y-maze was still substantially
reduced compared to the GM (and, to a lesser extent, GS) treatments. In D. melanogaster, it is the
male that exhibits active mating behaviour where a lower exploratory tendency could reflect
reduced social stimulation in the isolated group. Observed sex-specificities may also partly reflect a
weak inter-sexual genetic correlation in sociality-related behaviours (Scott et al. 2018), which would

predispose such traits to independent evolution in opposite sexes.

Isolated individuals were more likely to show a startle response, and social treatment interacted
with sex in how it affected the rate of habituation to the three consecutive light-off startles. Part of
this interaction resulted from males showing little to no such response, and females tending to show
much stronger habituation in all social treatments (the slope of habituation response was
particularly pronounced in the GM treatment). Such results are consistent with the rodent literature,
where individuals with greater sensory stimulation through environmental enrichment show
stronger habituation responses (Hughes & Collins, 2010). Habituation also seems to depend on the

stressfulness of the environment, decreasing in stressful conditions (Chouinard-Thuly 2018). D.
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melanogaster seem to habituate relatively easily to stressful stimuli (e.g., chemical, mechanical or
electric; see (Cho et al. 2004), and also (Engel and Wu 2009) for a brief review), but little is known
about the sex-specificity or plasticity of such responses. In particular, no studies exist in the context

of social enrichment or deprivation.

Interestingly, we did not detect any effects of social environment or a sex x treatment interaction on
locomotory activity measured in the open arena setup (the locomotion assay). Both the y-maze and
movement within the well-plates can be used to assess general exploratory behaviour (Simonnet et
al. 2014; Cleal et al. 2021), but the y-maze may provide a more realistic test of exploratory behaviour
by allowing a larger suite of natural behaviours, such as turning and the use of short-term working-
memory. Alternatively, y-maze assays may merge effects of explorative behaviours with general
locomotory activity of flies (Buchanan et al. 2015). Even though we found that flies completed more
repetition trigrams over alternation trigrams (a pattern confirmed also in (Cleal et al. 2021)),
suggesting that they do not use strong working memories in this context, exploration within the y-
maze appears to allow for greater detection of social and sex-specific effects compared to

exploration within the simple well-plate arena.

We also did not detect a correlation between the locomotory activity and the number of repetition
trigrams within the y-maze, apart from a weak negative correlation detected in the GM treatment.
This suggests that these forms of exploration are not related, and in fact, may trade off with each
other in previously mated individuals. Alternatively, locomotion within an open arena may not be
representative of any natural conditions and should be revised as a behavioural assay. This result
aligns with existing evidence showing little to no correlations between activity metrics and y-maze
behaviour in fruit flies at the between-individual level (Werkhoven et al. 2021). We also did not
detect a correlation between locomotion and the startle response even though these were
conducted in the same arena. Werkhoven et al. 2021 also found no evidence for strong correlations
between activity measures and phototaxis/optomotor handedness, which could be seen as distant
analogues of our light-off assay. However, we did detect a significant positive correlation between
the startle response and the number of repetitions in the y-maze, which was driven by females and
isolated individuals. While it is not clear why these two responses are related under some contexts,
these results clearly show that both sex and social environment can affect some behavioural
correlations. Further exploration of these patterns may be interesting in relation to potential

behavioural syndromes (consistent within-individual covariances of behavioural traits). Our
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estimates may be regarded as proxies of such syndromes but are almost certainly inflated estimates
of them; studies with replicated assays performed on the same individuals (or multiple genotypes)
are needed to decompose sources of variation into within- and between-individual components

(Dingemanse and Dochtermann 2013).

One important issue that applies to our study is the adequacy and biological interpretability of the
assays we used. We decided to perform the specific assays for three main reasons. First, they
represented the best trade-off between the richness of the resulting data and the time constraint of
each assay, allowing us to maximise the number of assayed flies. Second, the assays allowed for
relatively simple transfer of assayed flies between different tests, enabling estimation of between-
individual correlations. Third, they were simple enough to facilitate their automation and higher
throughput. The behavioural proxies of locomotion, exploratory behaviour, working memory and
stress habituation were also used previously in Drosophila melanogaster, yielding results
comparable to published studies in terms of variability and magnitude of observed measurements
(see, for example, (Buchanan et al. 2015; Lewis et al. 2017; Fenckova et al. 2019; Cleal et al. 2021;
Werkhoven et al. 2021)). Some may argue that the movement of animals in an open, circular arena,
or a narrow y-maze has little biological relevance to natural locomotion and exploration patterns.
However, it is generally assumed that such standardised tests can measure consistent, repeatable
components of more complex behaviours. Therefore, our assays still provide valuable information
about dimensions of behavioural phenotypic space upon which ecological or evolutionary processes
could act (Werkhoven et al. 2021). Methodologically, alternatives exist that could be used in place of
our phenotyping equipment (see, e.g., (Werkhoven et al. 2019)) — but we have no reason to suspect
our approach would lead to any systematic biases in the measured parameters. One methodological
difference that should be noted is we avoided discarding flies that expressed activity below a certain
threshold (as it was done in, e.g., (Buchanan et al. 2015; Werkhoven et al. 2021)). The goals of our
study are strongly focused on the evolutionary and ecological processes our study iss assumed to
represent. Thus, we are interested in the all variation, which arguably should include low-activity
individuals. Both before and after each assay, we confirmed all flies were alive and active (clearly
inactive individuals were identified and removed from analyses). Thus, the variation represented in

this study is not biased by the inclusion of defective/harmed flies.

Understanding how the environment and sex shape basic behaviours is important as they can

underlie more complex behaviours related to fitness and survival. For example, exploration and
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short-term working memory are highly important for foraging and mate searching (Arenas et al.,
2007; Lihoreau et al., 2009; Wilson et al., 2010). Additionally, startle responses are a good indicator
of how an individual processes and responds to stimuli in their environments (G6tz & Janik, 2011;
Hale et al., 2016; Sun et al., 2018). Overall, we show that the underlying behaviours related to these
more complex behaviours can be sex-dependent and shaped by the social environment. Further
research investigating the genetic and plastic mechanisms underlying these responses will further
enhance our understanding of the complex interplay between social environment, sex, and

behaviour.

Acknowledgements

ELM and SN are supported by the Australian Research Council Grant (DP200100367), awarded to SN,
Malgorzata Lagisz and Daniel Noble. SMD is supported by the Australian Research Council DECRA
Fellowship (DE1890100202) and the OPUS grant from the Polish National Science Centre (no. UMO-
2020/39/B/NZ8/01274).We are grateful to Drs Lagisz and Noble for their advice on the experiment
and design. PP and SB were supported by a UNSW Scientia doctoral scholarship. The Authors have

no conflicts of interests to declare.

References
Abram, P. K., G. Boivin, J. Moiroux, and J. Brodeur (2017). Behavioural effects of temperature on
ectothermic animals: unifying thermal physiology and behavioural plasticity. Biological

Reviews, 92, 1859-1876.

Agrawal, S., Safarik, S., & Dickinson, M. (2014). The relative roles of vision and chemosensation in
mate recognition of Drosophila melanogaster. Journal of Experimental Biology, 217(15), 2796—

2805.

Akhund-Zade, J., S. Ho, C. O’Leary, and B. Bivort. (2019). The effect of environmental enrichment on

behavioral variability depends on genotype, behavior, and type of enrichment. bioRxiv.

Arechavala-Lopez, P., M. J. Cabrera-Alvarez, C. M. Maia, and J. L. Saraiva. (2022_. Environmental
enrichment in fish aquaculture: A review of fundamental and practical aspects. Reviews in

Aquaculture, 14:704-728.

Arenas, A., Fernandez, V. M., & Farina, W. M. (2007). Floral odor learning within the hive affects

honeybees’ foraging decisions. Naturwissenschaften, 94(3), 218-222.

21



561
562

563
564

565
566
567

568
569

570
571

572
573

574
575

576
577

578
579
580

581
582
583

584
585

586
587

588
589

Baroncelli, L., Braschi, C., Spolidoro, M., Begenisic, T., Sale, A., & Maffei, L. (2010). Nurturing brain

plasticity: impact of environmental enrichment. Cell Death & Differentiation, 17(7), 1092—1103.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Ime4: Linear mixed-effects models using
Eigen and S4. Journal of Statistical Software, 67(1), 1-48.

Bath, E., Bowden, S., Peters, C., Reddy, A., Tobias, J. A., Easton-Calabria, E., Seddon, N., Goodwin, S.
F., & Wigby, S. (2017). Sperm and sex peptide stimulate aggression in female Drosophila.
Nature Ecology & Evolution, 1(6), 1-6.

Buchanan, S. M., J. S. Kain, and B. L. de Bivort. (2015). Neuronal control of locomotor handedness in

Drosophila. Proceedings of the National Academy of Sciences, 112, 6700-6705.

Carlstead, K., and D. Shepherdson. (1994). Effects of environmental enrichment on reproduction.

Zoo Biology, 13, 447-458.

Carvalho, G. B., Kapahi, P., Anderson, D. J., & Benzer, S. (2006). Allocrine modulation of feeding
behavior by the sex peptide of Drosophila. Current Biology, 16(7), 692—696.

Cho, W., U. Heberlein, and F. W. Wolf. (2004). Habituation of an odorant-induced startle response in

Drosophila. Genes Brain Behavior, 3, 127-137.

Chouinard-Thuly, L. (2018). Phenotypic Plasticity in Social Information Use and Stress Responses in

Trinidadian Guppies. McGill University, Canada.

Cleal, M., B. D. Fontana, D. C. Ranson, S. D. McBride, J. D. Swinny, E. S. Redhead, and M. O. Parker.
(2021). The Free-movement pattern Y-maze: A cross-species measure of working memory and

executive function. Behavior Research Methods, 53,536-557.

Cummings, M. E., Larkins-Ford, J., Reilly, C. R. L., Wong, R. Y., Ramsey, M., & Hofmann, H. A. (2008).
Sexual and social stimuli elicit rapid and contrasting genomic responses. Proceedings of the

Royal Society B: Biological Sciences, 275(1633), 393—402.

Dankert, H., Wang, L., Hoopfer, E. D., Anderson, D. J., & Perona, P. (2009). Automated monitoring
and analysis of social behavior in Drosophila. Nature Methods, 6(4), 297-303.

Dingemanse, N. J., and N. A. Dochtermann. (2013). Quantifying individual variation in behaviour:

mixed-effect modelling approaches. Journal of Animal Ecology, 82,39-54.

Dingemanse, N. J., & Wolf, M. (2013). Between-individual differences in behavioural plasticity within

populations: causes and consequences. Animal Behaviour, 85(5), 1031-1039.

22



590
591

592
593

594
595
596
597

598
599

600

601
602
603

604
605
606

607
608
609

610
611
612

613
614

615
616

617
618

Ellis, L. L., & Carney, G. E. (2010). Mating alters gene expression patterns in Drosophila melanogaster

male heads. BMC Genomics, 11(1).

Engel, J. E., and C.-F. Wu. (2009). Neurogenetic approaches to habituation and dishabituation in

Drosophila. Neurobiology of Learning and Memory, 92, 166—175.

Fenckova, M., L. E. R. Blok, L. Asztalos, D. P. Goodman, P. Cizek, E. L. Singgih, J. C. Glennon, J. IntHout,
C. Zweier, E. E. Eichler, C. R. von Reyn, R. A. Bernier, Z. Asztalos, and A. Schenck. (2019).
Habituation Learning Is a Widely Affected Mechanism in Drosophila Models of Intellectual

Disability and Autism Spectrum Disorders. Biological Psychiatry, 86, 294-305.

Fowler, E. K., Bradley, T., Moxon, S., & Chapman, T. (2019). Divergence in transcriptional and

regulatory responses to mating in male and female fruitflies. Scientific Reports, 9(1), 1-15.
Fox, J., & Weisberg, S. (2019). An (r) companion to applied regression. Thousand Oaks CA.

Freund, J., A. M. Brandmaier, L. Lewejohann, I. Kirste, M. Kritzler, A. Kriiger, N. Sachser, U.
Lindenberger, and G. Kempermann. (2013). Emergence of Individuality in Genetically Identical

Mice. Science, 340, 756—759.

Gardner, E. B., Boitano, J. J.,, Mancino, N. S., D’Amico, D. P., & Gardner, E. L. (1975). Environmental
enrichment and deprivation: effects on learning, memory and exploration. Physiology \&

Behavior, 14(3), 321-327.

Gotz, T., & Janik, V. M. (2011). Repeated elicitation of the acoustic startle reflex leads to sensitisation
in subsequent avoidance behaviour and induces fear conditioning. BMC Neuroscience, 12(1), 1-

13.

Hale, M. E., Katz, H. R., Peek, M. Y., & Fremont, R. T. (2016). Neural circuits that drive startle
behavior, with a focus on the Mauthner cells and spiral fiber neurons of fishes. Journal of

neurogenetics, 30(2), 89 — 100.

Han, C. S., Jablonski, P. G., & Brooks, R. C. (2015). Intimidating courtship and sex differences in

predation risk lead to sex-specific behavioural syndromes. Animal Behaviour, 109, 177-185.

Hebb, D. 0. (1949). The organisation of behaviour: a neuropsychological theory. Science Editions

New York.

Heisenberg, M., Heusipp, M., & Wanke, C. (1995). Structural plasticity in the Drosophila brain.
Journal of Neuroscience, 15(3), 1951-1960.

23



619
620
621

622
623

624
625
626
627

628
629
630

631
632
633

634
635

636
637
638

639
640
641

642
643
644

645
646

647
648

Hollis, B., & Kawecki, T. J. (2014). Male cognitive performance declines in the absence of sexual
selection. Proceedings of the Royal Society B: Biological Sciences, 281(1781), 20132873—
20132873.

Houde, A. E. (1987). Mate choice based upon naturally occurring color-pattern variation in a guppy

population. Evolution, 41(1), 1-10.

Hughes, R. N., & Collins, M. A. (2010). Enhanced habituation and decreased anxiety by
environmental enrichment and possible attenuation of these effects by chronic SaS-tocopherol
(vitamin E) in aging male and female rats. Pharmacology Biochemistry and Behavior, 94(4),

534-542.

Immonen, E., & Ritchie, M. G. (2012). The genomic response to courtship song stimulation in female
Drosophila melanogaster. Proceedings of the Royal Society B: Biological Sciences, 279(1732),
1359-1365.

Isaac, R. E., Li, C., Leedale, A. E., & Shirras, A. D. (2010). Drosophila male sex peptide inhibits siesta
sleep and promotes locomotor activity in the post-mated female. Proceedings of the Royal

Society B: Biological Sciences, 277(1678), 65—-70.

Kempermann, G. (2019). Environmental enrichment, new neurons and the neurobiology of

individuality. Nature Reviews Neuroscience, 20, 235-245.

Kent, C. F., T. Daskalchuk, L. Cook, M. B. Sokolowski, and R. J. Greenspan. (2009). The Drosophila
foraging Gene Mediates Adult Plasticity and Gene—Environment Interactions in Behaviour,

Metabolites, and Gene Expression in Response to Food Deprivation. PLOS Genetics, 5.

Kohlmeier, P., Y. Zhang, J. A. Gorter, C.-Y. Su, and J.-C. Billeter. (2021). Mating increases Drosophila
melanogaster females’ choosiness by reducing olfactory sensitivity to a male pheromone.

Nature Ecology and Evolution, 5,1165-1173.

Kozorovitskiy, Y., Gross, C. G., Kopil, C., Battaglia, L., McBreen, M., Stranahan, A. M., & Gould, E.
(2005). Experience induces structural and biochemical changes in the adult primate brain.

Proceedings of the National Academy of Sciences, 102(48), 17478-17482.

Kurtovic, A., Widmer, A., & Dickson, B. J. (2007). A single class of olfactory neurons mediates

behavioural responses to a Drosophila sex pheromone. Nature, 446(7135), 542—-546.

Laturney, M., & Billeter, J. C. (2014). Neurogenetics of female reproductive behaviors in drosophila

melanogaster. In Advances in Genetics (Vol. 85, pp. 1-108).

24



649
650
651

652
653

654
655
656

657
658
659

660
661
662

663
664
665

666
667
668

669
670
671

672
673
674

675
676

677
678

Lewis, S. A, D. C. Negelspach, S. Kaladchibachi, S. L. Cowen, and F. Fernandez. (2017). Spontaneous
alternation: A potential gateway to spatial working memory in Drosophila. Neurobiolgy of

Learning and Memory, 142, 230-235.

Lihoreau, M., Brepson, L., & Rivault, C. (2009). The weight of the clan: Even in insects, social isolation

can induce a behavioural syndrome. Behavioural Processes, 82(1), 81-84.

Lin, H.-H., Cao, D.-S., Sethi, S., Zeng, Z., Chin, J. S. R., Chakraborty, T. S., Shepherd, A. K., Nguyen, C.
A, Yew, .Y, Su, C.-Y,, & others. (2016). Hormonal modulation of pheromone detection

enhances male courtship success. Neuron, 90(6), 1272—-1285.

Lizé, A., R. J. Doff, E. A. Smaller, Z. Lewis, and G. D. D. Hurst. (2011). Perception of male—-male
competition influences Drosophila copulation behaviour even in species where females rarely

remate. Biology Letters, 8, 35—-38.

Macartney, E. L., Lagisz, M., & Nakagawa, S. (2022). The Relative Benefits of Environmental
Enrichment on Learning and Memory are Greater When Stressed: A Meta-analysis of

Interactions in Rodents. Neuroscience & Biobehavioral Reviews, 135.

Macartney, E. L., Pottier, P., Burke, S., Drobniak, S. M., & Nakagawa, S. (2022). Quantifying between-
individual variation using high-throughput phenotyping of behavioural traits in the fruit fly

(Drosophila melanogaster). EcoEvoRXxiv.

Maggu, K., Kapse, S., Ahlawat, N., Arun, M. G., & Prasad, N. G. (2022). Finding love: fruit fly males
evolving under higher sexual selection are inherently better at finding receptive females.

Animal Behaviour, 187, 15-33.

Mak, G. K., Enwere, E. K., Gregg, C., Pakarainen, T., Poutanen, M., Huhtaniemi, I., & Weiss, S. (2007).
Male pheromone--stimulated neurogenesis in the adult female brain: possible role in mating

behavior. Nature Neuroscience, 10(8), 1003-1011.

Maleszka, J., Barron, A. B., Helliwell, P. G., & Maleszka, R. (2009). Effect of age, behaviour and social
environment on honey bee brain plasticity. Journal of Comparative Physiology A, 195(8), 733—
740.

Maleszka, R. (2016). Epigenetic code and insect behavioural plasticity. Current Opinion in Insect

Science, 15, 45-52.

Mank, J. E., Wedell, N., & Hosken, D. J. (2013). Polyandry and sex-specific gene expression.
Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1613), 20120047.

25



679
680

681
682
683

684
685
686

687
688
689

690
691

692
693
694

695
696

697
698

699
700
701

702
703

704
705
706

707
708

Margulies, C., Tully, T., & Dubnau, J. (2005). Deconstructing memory in Drosophila. Current Biology,
15(17).

Mohammed, A. H., Zhu, S. W., Darmopil, S., Hjerling-Leffler, J., Ernfors, P., Winblad, B., Diamond, M.
C., Eriksson, P. S., & Bogdanovic, N. (2002). Environmental enrichment and the brain. Progress

in Brain Research, 138, 109-133.

Mumtaz, F., Khan, M. ., Zubair, M., & Dehpour, A. R. (2018). Neurobiology and consequences of
social isolation stress in animal model—A comprehensive review. Biomedicine &

Pharmacotherapy, 105, 1205-1222.

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient of determination R 2 and
intra-class correlation coefficient from generalized linear mixed-effects models revisited and

expanded. Journal of the Royal Society Interface, 14(134), 20170213.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R2 from

generalized linear mixed-effects models. Methods in Ecology and Evolution, 4(2), 133—-142.

Nandy, B., P. Dasgupta, S. Halder, and T. Verma. (2016). Plasticity in aggression and the correlated
changes in the cost of reproduction in male Drosophila melanogaster. Animal Behaviour, 114,

3-9.

Newberry, R. C. (1995). Environmental enrichment: Increasing the biological relevance of captive

environments. Applied Animal Behaviour Sciience, 44, 229-243.

Nithianantharajah, J., and A. J. Hannan. (2006). Enriched environments, experience-dependent

plasticity and disorders of the nervous system. Nature Reviews Neuroscience, 7, 697—-709.

Saltz, J. B. (2013). Genetic composition of social groups influences male aggressive behaviour and
fitness in natural genotypes of Drosophila melanogaster. Proceedings of the Royal Society

Biological Science, 280.

Scott, A. M., I. Dworkin, and R. Dukas. (2018). Sociability in Fruit Flies: Genetic Variation, Heritability
and Plasticity. Behavior Genetics. 48:247-258.

Sethi, S., Lin, H.-H., Shepherd, A. K., Volkan, P. C,, Su, C.-Y., & Wang, J. W. (2019). Social context
enhances hormonal modulation of pheromone detection in Drosophila. Current Biology,

29(22), 3887-3898.

Shimojo, S., & Shams, L. (2001). Sensory modalities are not separate modalities: plasticity and

interactions. Current Opinion in Neurobiology, 11(4), 505-509.

26



709
710
711

712
713
714

715
716

717
718

719
720
721

722
723
724

725
726

727
728
729

730
731

732
733
734

735
736
737

Singhal, G., Jaehne, E. J., Corrigan, F., & Baune, B. T. (2014). Cellular and molecular mechanisms of
immunomodulation in the brain through environmental enrichment. Frontiers in Cellular

Neuroscience, 8, 97.

Sinn, D. L., Gosling, S. D., & Moltschaniwskyj, N. A. (2008). Development of shy/bold behaviour in
squid: context-specific phenotypes associated with developmental plasticity. Animal Behaviour,

75(2), 433-442.

Simonnet, M. M., M. Berthelot-Grosjean, and Y. Grosjean. (2014). Testing Drosophila Olfaction with

a Y-maze Assay. JoVE.

Snell-Rood, E. C. (2013). An overview of the evolutionary causes and consequences of behavioural

plasticity. Animal Behaviour, 85(5), 1004-1011.

Stoffel, M. A., Nakagawa, S., & Schielzeth, H. (2017). rptR: Repeatability estimation and variance
decomposition by generalized linear mixed-effects models. Methods in Ecology and Evolution,

8(11).

Sun, J., Xu, A. Q,, Giraud, J., Poppinga, H., Riemensperger, T., Fiala, A., & Birman, S. (2018). Neural
control of startle-induced locomotion by the mushroom bodies and associated neurons in

drosophila. Frontiers in Systems Neuroscience, 12, 6.

Sur, M., Pallas, S. L., & Roe, A. W. (1990). Cross-modal plasticity in cortical development:

differentiation and specification of sensory neocortex. Trends in Neurosciences, 13(6), 227-233.

Tompkins, L., Gross, A. C., Hall, J. C., Gailey, D. A., & Siegel, R. W. (1982). The role of female
movement in the sexual behavior ofDrosophila melanogaster. Behavior Genetics, 12(3), 295—

307.

van Praag, H., Kempermann, G., & Gage, F. H. (2000). Neural consequences of enviromental

enrichment. Nature Reviews Neuroscience, 1(3), 191-198.

Videlier, M., Rundle, H. D., & Careau, V. (2019). Sex-specific among-individual covariation in
locomotor activity and resting metabolic rate in Drosophila melanogaster. American Naturalist,

194(6), E164—E176.

Vijendravarma, R. K., Narasimha, S., Steinfath, E., Clemens, J., & Leopold, P. (2022). Drosophila
females have an acoustic preference for symmetric males. Proceedings of the National

Academy of Sciences, 119(13).

27



738
739
740

741
742

743
744
745

746
747
748
749

750
751

752
753

754
755

756
757

Weiss, I. C., Pryce, C. R., Jongen-Rélo, A. L., Nanz-Bahr, N. |., & Feldon, J. (2004). Effect of social
isolation on stress-related behavioural and neuroendocrine state in the rat. Behavioural Brain

Research, 152(2), 279-295.

Werkhoven, Z., A. Bravin, K. Skutt-Kakaria, P. Reimers, L. F. Pallares, J. Ayroles, and B. L. de Bivort.

(2021). The structure of behavioral variation within a genotype. eLife.

Werkhoven, Z., C. Rohrsen, C. Qin, B. Brembs, and B. de Bivort. (2019). MARGO (Massively
Automated Real-time GUI for Object-tracking), a platform for high-throughput ethology. PLOS
ONE, 14.

Wilson, A. D. M., Whattam, E. M., Bennett, R., Visanuvimol, L., Lauzon, C., & Bertram, S. M. (2010).
Behavioral correlations across activity, mating, exploration, aggression, and antipredator
contexts in the European house cricket, Acheta domesticus. Behavioral Ecology and

Sociobiology, 64(5), 703-715.

Wolfner, M. F. (1997). Tokens of love: Functions and regulation of Drosophila male accessory gland

products. Insect Biochemistry and Molecular Biology, 27(3), 179-192.

Yeh, S.-R., Fricke, R. A., & Edwards, D. H. (1996). The effect of social experience on serotonergic
modulation of the escape circuit of crayfish. Science, 271(5247), 366—369.

Zhang, Z., L. Gao, and X. Zhang. (2022). Environmental enrichment increases aquatic animal

welfare: A systematic review and meta-analysis. Reviews in Aquaculture, 14,1120-1135.

Declaration of Interest

None

28



