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Abstract 36 

Environmental and individual experiences can result in immediate and persistent changes in 37 

behaviour. Often, such effects are also sex-dependent. Interspecific interactions can be one of the 38 

most important environments an individual faces. Such social interactions are expected to affect a 39 

suite of behavioural traits and their correlations. Here, we used Drosophila melanogaster and high-40 

throughput automated behavioural phenotyping to determine how social environment (group mixed 41 

sex, group single sex, and social isolation) and sex interact to affect basic behaviours (exploration, 42 

movement within a y-maze, and habituation to a startle) that likely underlie more complex 43 

behaviours such as mate searching and foraging. We show that such behaviours and some 44 

behavioural correlations are indeed context- and sex-dependent. Males tended to show greater 45 

exploration, while females were more likely to show a habituation response to startle. Males and 46 

females from the mixed sex and isolated treatments showed opposite exploratory behaviour in the 47 

Y-maze, and social treatment interacted with sex to affect the rate of habituation to a startle. 48 

Females also tended to have slightly stronger trait correlations compared to males. These results 49 

show that social environment and sex can play a significant role in shaping behaviour in Drosophila 50 

melanogaster. Our study provides insights into how the type of social stimulation and sex can 51 

interact to affect behaviours that are important in forming critical behaviours related to foraging and 52 

mate searching.  53 
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 60 

Introduction 61 

Individuals are constantly sensing their surrounding environment and adjusting their behaviour 62 

accordingly (Dingemanse & Wolf, 2013; Snell-Rood, 2013). In many taxa, multiple sensory 63 

modalities, including vision, audition, olfaction, tactician, gustation, and nociception have evolved to 64 

detect the environment, often through ‘cross-modal’ interactions (Shimojo & Shams, 2001; Sur et 65 

al., 1990). Using these senses, environmental information is conveyed to neuronal networks that 66 

trigger behavioural responses (Snell-Rood, 2013). Behavioural responses can be ‘activational’, where 67 

an individual immediately reacts to a stimulus (e.g., hiding from a predator) (Snell-Rood, 2013), or 68 
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persistent, resulting in long-term behavioural changes (Maleszka, 2016; Sinn et al., 2008)). As 69 

behaviours can be consistent within individuals, forming the basis of personalities and behavioural 70 

syndromes (Dingemanse and Dochtermann 2013), persistent behavioural changes due to the 71 

environment can be seen as integral parts of the repeatable behaviour machinery (Kempermann 72 

2019). 73 

 74 

A paradigm that is often used to test the stimulation of multiple sensory pathways on behavioural 75 

plasticity is ‘environmental enrichment’; an assumption that specific changes in the complexity of 76 

surrounding environment can enhance animals’ natural behaviours (Freund et al. 2013; Hebb, 1949; 77 

Kempermann 2019). For example, complex and novel ‘enriched’ environments require the use of 78 

multiple sensory pathways that can result in persistent changes in brain structure and function 79 

(Freund et al. 2013; Kempermann 2019; Kozorovitskiy et al., 2005; Mohammed et al., 2002; Singhal 80 

et al., 2014). Increases in sensory stimulation can alter brain characteristics such as brain size and 81 

weight, while sensory deprivation can disrupt normal neuronal functioning (reviewed in Baroncelli et 82 

al., 2010; van Praag et al., 2000). These changes in brain structure and function can manifest as 83 

changes in many behaviours, including exploratory behaviours, learning, and memory (Gardner et 84 

al., 1975; Heisenberg et al., 1995; Margulies et al., 2005; Nithianantharajah and Hannan 2006). 85 

Resulting modifications of behaviour and physiology may have measurable impacts on animal 86 

survival and reproduction, contributing to the fitness of captive or farmed species (Carlstead and 87 

Shepherdson 1994; Arechavala-Lopez et al. 2022; Zhang et al. 2022). 88 

 89 

Comparing animals reared in typical laboratory vs. enriched conditions may be argued to be of little 90 

importance – after all, it is the enriched environment that should reflect the natural environment of 91 

a species, and thus such comparisons may have questionable applications in terms of their biological 92 

adequacy. However, any differences observed in such contexts provide valuable insights into 93 

evolutionary and ecological processes that drive the evolution of animal behaviours linked to 94 

environmental enrichment (Newberry 1995). It may also inform  how wild animals respond to 95 

changes in the complexity of their natural environment, an important pattern because of the known 96 

feedback between environmental enrichment and the plasticity of the nervous system 97 

(Nithianantharajah and Hannan 2006). Consequently, such comparisons could expose feedbacks 98 

maintaining optimal levels of interspecific interactions in natural contexts. The approach of 99 

“breaking” an existing integrated behavioural system – if successful – would also provide a valuable 100 

starting point for future in-depth genomic or neurophysiological studies, exposing the most 101 

promising targets for such assays. 102 
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 103 

Arguably, intraspecific interactions are one of the most important environments an individual 104 

interacts with. Social interactions provide individuals with a range of stimuli and challenges, such as 105 

opportunities for mating, communication, or competition. Indeed, studies on taxonomically diverse 106 

species have shown that social interactions can change brain functioning (Arechavala-Lopez et al. 107 

2022; Cummings et al., 2008; Ellis & Carney, 2010; Gardner et al., 1975; Yeh et al., 1996).  108 

Furthermore, inter-sexual interactions to assess mate quality prior to and during mating often 109 

require the use of many senses and neural pathways which can then affect behaviour (Hollis & 110 

Kawecki, 2014; Maggu et al., 2022; Kurtovic et al., 2007; Lin et al., 2016; Mak et al., 2007; Agrawal et 111 

al., 2014; Houde, 1987). For example, studies on Drosophila melanogaster have shown that 112 

expression of behaviour-related genes in female brains can change in response to courtship cues 113 

from males (Immonen & Ritchie, 2012) and that males and females can show sex-specific gene 114 

expression in response to mating, which may then correspond to behavioural changes (see Mank et 115 

al., 2013). Intra-sexual interactions, such as assessing competitors, are also likely to affect 116 

behavioural plasticity, but may have different effects compared to inter-sexual interactions (Dankert 117 

et al., 2009). Additionally, individuals that lack any form of social interaction can often show atypical 118 

behaviour, potentially due to stimulus deprivation and disrupted development (Dankert et al., 2009; 119 

Sethi et al., 2019).  120 

 121 

One of the important social contexts in animal behaviour is related to mating – as such inter-specific 122 

interactions can have not only overall, but also sex-specific effects on individuals. For example, the 123 

effects of mating have been shown to differentially affect gene expression in the head and thorax in 124 

female D. melanogaster compared to males (Fowler et al., 2019), and such differences in gene 125 

expression may then correspond to differences in behaviour (Bath et al., 2017; Carvalho et al., 2006; 126 

Isaac et al., 2010). Such sex-specificity extends also to cross-trait correlations: Han et al., (2015) 127 

showed that the correlation between boldness behaviours under different mating environments 128 

differed between males and females in the water strider (Gerris gracilicornis). Similarly, Videlier et 129 

al., (2019) found that the correlation between resting metabolic rate and locomotor behaviour was 130 

sex-specific and environment-dependent in D. melanogaster. Thus, social environments may alter 131 

behaviours and behavioural correlations differently for males and females.   132 

 133 

In spite of considerable research effort, the effects of the social environment still remain a poorly 134 

understood aspect of the complex interplay between environment and behaviour. In particular we 135 

still have only fragmentary knowledge on the impacts of social environment on overall behavioural 136 
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responses, especially in the context of sex-specific effects.  To examine how intraspecific social 137 

environment affects male and female behaviour, we determined the effects of varying levels of 138 

social environment enrichment and sex (both direct and interactive) on three basic behavioural 139 

traits that are related to exploration, stress habituation, and memory. We also determined if these 140 

traits were correlated and if the strength of the correlations was affected by social environment and 141 

sex. To do this, we housed adult Drosophila melanogaster of both sexes in isolation (I), or in either 142 

group mixed sex (GM) or group single sex (GS) vials of equal density and assayed them using a high-143 

throughput phenotyping setup to measure several proxies exploratory and memory behaviours. 144 

 145 

Similar traits have already been shown to have modified responses under environmental enrichment 146 

(van Praag et al., 2000), so we predicted that (i) isolated individuals (i.e., deprived of any form of 147 

social stimulation) would show reduced behavioural responses compared to individuals exposed to 148 

social stimulation, (ii) inter-sexual interactions (i.e., being held in mixed sex groups) would result in 149 

the highest sensory stimulation which may manifest in the strongest behavioural responses and (iii) 150 

males and females would  respond differently to social environment (i.e., interaction between social 151 

environment and sex). The latter could result from the fact that mating can also result in various 152 

physiological changes, such as reduced female receptivity to mating after exposure to male seminal 153 

fluid proteins. Because female movement is attractive to males, this may then correspond to altered 154 

behaviours such as reduced female exploration relative to males (Laturney & Billeter, 2014; 155 

Tompkins et al., 1982). Importantly, assuming a socially enriched environment to be a biological 156 

default, our predictions should conceptually be seen as reductions in observed responses when 157 

exposed to suboptimal social environment. Lastly, we predicted that (iv) the measured behavioural 158 

traits would be positively correlated, but that the strength of the correlations would be sex- and 159 

social environment- specific, potentially reflecting differing roles these behaviours play in inter-160 

individual interactions in opposite sexes. Arguably, integration of various movement/exploration 161 

related traits would be stronger in males (as their reproductive success should depend more on such 162 

behaviours), and in contexts providing increased social stimulation (which, in turn, could be seen as 163 

a form of behavioural plasticity). Understanding such context- and sex-specific effects on 164 

behavioural plasticity and correlations is expected to provide insights into how social-stimulation 165 

and complexity of the social environment can change suites of behaviours that underline critical 166 

functions, such as foraging or mate searching. 167 
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Methods 168 

Study animals 169 

We used Canton-S wild-type Drosophila melanogaster reared with overlapping generations at the 170 

Charles Perkins Centre, the University of Sydney. We did not require ethics approval for use of these 171 

study animals. Stock flies were kept at 25°C, 65% humidity and a 12:12 light:dark cycle. Experimental 172 

flies (see below) were reared in the same conditions but at 60% humidity. All fly stocks and 173 

experiment flies were reared on a standardised food medium consisting of 1625 ml molasses, 325 g 174 

yeast, 1000 g cornflour, 150 ml propionic acid, 300 ml Nipagen, 150 g agar, and 24200 ml water.  175 

 176 

The larvae of the experimental flies were reared in a standardised density in 55 – 65 ml of food 177 

medium. Adult flies were collected as virgins (< 8 hours post adult eclosion) and randomly allocated 178 

to adult treatment vials. We had three treatments: isolated individuals (I), group single sex (GS), and 179 

group mixed sex (GM). Isolated treatments had one single male or one single female per vial, the GS 180 

treatment had either 10 males or 10 females per vial, and the GM treatment had five males and five 181 

females per vial. Therefore, while males and females were housed together in the same vial for the 182 

GM treatment, we had six treatments and sex combinations to be used in behavioural assays. 183 

 184 

The flies eclosed in six batches spread across three weeks (two batches per week). For each batch, 185 

we had 40 I male and I female vials, 8 GS male and GS female vials, and 12 GM vials (see below for 186 

sample size). Flies from each batch were transferred into their treatment vials at the Charles Perkins 187 

Centre, and were then delivered to the School of Biological, Earth, and Environmental Science, 188 

University of New South Wales, Sydney for housing and completion of the behavioural assays. Each 189 

batch was split into two ‘sessions’, where half the batch was housed in an incubator where the 12h 190 

light cycle started at 9am and the other half of the batch was stored in an incubator where the 12h 191 

light cycle started at 1pm. This was so we could assay all flies from one batch on a single day (i.e., in 192 

a morning session and an afternoon session) while standardising the circadian rhythm so that all 193 

sessions were conducted in the ‘morning’ activity period for the flies and avoid their mid-day low 194 

activity period. Flies were housed in their treatment vials for 8 days (flipped into new vials with fresh 195 

food on day 3 and 6) prior to the behavioural assays. 196 

 197 

Behavioural assays  198 

 199 

The assay methods are based on the detailed methods reported in Macartney et al., (2022). Briefly, 200 

we used high-throughput automated tracking units produced by Zantiks (Cambridge, UK). These 201 
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units are designed to track small-sized animals where each unit consists of i) an experimental 202 

chamber where the animals are placed (see below for details of the ‘plates’ that the individuals are 203 

loaded into prior to being placed in the unit chamber), ii) a camera that tracks the animals, and iii) a 204 

computer controlling the units. All units were programmed to maintain 25°C in the chamber. 205 

 206 

Using these units, we conducted three different behavioural assays: 1) locomotion tracking where 207 

the overall movement of individuals was measured within a 1cm deep and round arena, 2) startle 208 

response to a light-off startle (also conducted in the same 1cm deep and round arena as the 209 

locomotion assay), and 3) exploration in a Y-maze (see Macartney et al., (2022) for more details 210 

about the arenas). The locomotion tracking assay ran for 29 mins (including a 10 min habituation 211 

period) and then the distance travelled by each individual was recorded across three intervals that 212 

were 10 mins each. The light-off startle response recorded the distance travelled in a 1-second 213 

interval following three consecutive 15-ms light-off pulses, allowing us to measure habituation 214 

across the pulses. The y-maze assay recorded ‘trigrams’ of the direction flies travelled between arms 215 

(e.g., RRR, LLL RLR, LRL etc where R = right, L= left) (see Macartney et al., 2022).    216 

 217 

For each session (i.e., morning and afternoon session per batch), we assayed 84 flies (14 flies per 218 

treatment and sex combination). In total, we assayed 186 flies per batch, and 1008 flies (168 flies 219 

per treatment and sex combination; see below for final sample size after accounting for deaths and 220 

lack of movement detected within arenas).  221 

 222 

At the start of each session, all flies were anesthetized by briefly submerging vials in a bucket of ice. 223 

All flies from each treatment and sex combination were then tipped into separate petri dishes. 224 

Fourteen flies from each treatment and sex combination were randomly selected from their 225 

respective petri dishes and aspirated into either a 48 well-plate (only 42 wells were filled) or into a y-226 

maze plate; y-mazes consisted of three plates with 15 mazes per plate and we filled 14 mazes per 227 

plate (see Macartney et al (2022) for further details). The order at which flies from each treatment 228 

and sex combination were transferred into the well-plate or y-mazes, was predetermined using a 229 

random-number generator so that flies from each treatment and sex were randomly distributed 230 

across the plates. Flies were then given 10 min at 25°C to recover and were transferred into four 231 

different assay units: one for the well-plate with all 42 flies and three units for each of the three y-232 

maze plates. The unit with the well-plate always recorded locomotion first, followed by the light-off 233 

startle response.  234 

 235 
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After each unit had completed running the assay, the well-plate and y-maze plates were briefly 236 

placed in a -25°C freezer until the flies were anesthetized again. All individuals from the well-plate 237 

were then transferred to  three clean y-maze plates and the individuals from the y-maze plates were 238 

transferred to a clean well-plate. Each location in the well-plates and y-mazes always corresponded 239 

to each other (i.e., individuals in the first well were always transferred into the first y-maze) so that 240 

we could keep track of individual flies when transferring them between plates (see Macartney et al 241 

(2022)). Flies were then given another 10 min recovery period at 25°C then were transferred back 242 

into the units to run the assays (i.e., individuals that were previously in the well-plate and had 243 

experienced the locomotion and light-off startle response assays were now in the units for the y-244 

maze assay and vice versa). Flies were then discarded after the assays.  245 

 246 

Data analysis 247 

Each unit produced a datasheet per assay run. All datasheets were labeled with a unique ID, 248 

meaning that we could match each datasheet to individuals, their social treatment, and sex. All data 249 

was cleaned and analysed in the R environment (version 4.2.2) using RStudio. All data and code can 250 

be found on the Open Science Framework at 251 

https://osf.io/uzm4q/?view_only=d4fa4a5984764a778279d4483ae07f7c.  252 

 253 

First, we conducted univariate models using the lme4 package (Bates et al., 2015). Each model 254 

included treatment and sex as fixed effects and the treatment ´ sex interaction. Batch ID and 255 

individual ID were included as a random effect in all models. Individual ID was included as a random 256 

effect in the locomotion and startle-response assay (habituation) as observations were conducted 257 

over three time intervals, and individual ID was included as a random effect in the y-maze analysis as 258 

an observation level random effect to account for over-dispersion. Both locomotion and light-off 259 

startle response data were analysed as linear mixed-effects models with a gaussian distribution 260 

where the total distance travelled (log-transformed to improve residual normality) was the response 261 

variable . The startle-response assay also included a three-way interaction between startle number 262 

(i.e., startle 1, 2, or 3), sex, and treatment, as well as two two-way interactions between startle 263 

number and sex, and startle number and treatment. The y-maze data was originally analysed using a 264 

three-way interaction between the type of trigram response, sex, and treatment (see Supplementary 265 

material), but was also analysed using two separate generalized linear mixed effect model with a 266 

Poisson distribution where the response variable was either the number of alternating (e.g., LRL or 267 

RLR) or sequential trigrams (LLL, RRR). We did not include partial trigrams in the analysis due to 268 

https://osf.io/uzm4q/?view_only=d4fa4a5984764a778279d4483ae07f7c
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more types of partial trigrams (LLR, RRL, RLL, LRR), thus biasing the number of partial trigrams 269 

relative to alternating and sequential trigrams.  270 

 271 

For all analyses, we removed flies that were not detected to show any movement (see below for 272 

final sample sizes). These flies were removed as we cannot differentiate between the ‘true effects’ 273 

of the fly not moving or due to issues with the machine detecting movement. However, we did find 274 

that a large majority of flies did not show a startle response to the light-off stimuli, suggesting that 275 

only some flies were sensitive to the startle. We, therefore, conducted an additional analysis using a 276 

generalized linear mixed-effects model with a binomial distribution (1 = the fly showed any startle 277 

during the assay, 0 = no startle detected) to assess if there were any treatment or sex effects on 278 

which flies showed a startle at all or not. This model included the main and interactive effects of sex 279 

and treatment as well as batch as a random effect.  280 

 281 

Test statistics and p-values for all models were calculated using the Anova function from the car 282 

package (Fox & Weisberg, 2019). We calculated the percentage of variation explained by differences 283 

between individuals and differences between batches out of the total variation in the model for 284 

each behavioural response using the rptR package (Stoffel et al., 2017), which implements ICC (intra-285 

class correlation) and marginal R2 via mixed-effects models (Nakagawa et al., 2017; Nakagawa & 286 

Schielzeth, 2013). 287 

 288 

To explore multivariate (multi-response) patterns of correlations between pairs of variables, we 289 

have fitted multi-response mixed models to our data using the MCMCglmm R package (Hadfield 290 

2010).  The model had a similar fixed effects structure as described above. However, it fitted a 291 

heterogenous (split by treatment groups and by sex) covariance matrix for the included behavioural 292 

traits, which resulted in a block-diagonal covariance structure across all modelled traits and 293 

treatments. The model was run for 100,000 iterations, with the ‘burn-in’ period of 20,000 iterations 294 

and posterior sampling every 80 iterations. We used uninformative inverse-Wishart priors for all 295 

(co)variance parameters. In its final version, the model included three response variables (log-296 

transformed locomotory activity, assumed to be normally distributed; the number of repetitive turns 297 

in the y-maze assay, assumed to be Poisson-distributed with a log-link function; startle response 298 

magnitude, assumed to be normally distributed). Estimated (co)variances were used to derive 299 

treatment- and sex-specific correlations between pairs of traits. 300 

 301 
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Due to some deaths and losses during the assay period or no movement detected during the assays, 302 

our final sample sizes were reduced and varied between assays. N = 930 flies for the locomotion 303 

assay, N = 694 for the y-maze assay, N = 930 for the startle response assay when analysed with a 304 

binomial distribution (assessing if flies showed a startle response at least once during the assay), N = 305 

188 for the startle response assay where flies showed a startle response across all three startles 306 

(used to test for habituation). See figures legends for treatment and sex sample sizes for each assay. 307 

Results 308 

Effects of social environment and sex on average behavioural traits 309 

We show that males travelled larger distances during the locomotion assay than females (Fig. 1; 310 

Table 1). We did not detect any effect of social treatment nor a treatment ´ sex interaction in the 311 

locomotion assay (Table 1).  Differences between individuals explained 41.89% of the total variation 312 

in locomotion, and differences between batches explained 5.66% of the total variation in 313 

locomotion.  314 

 315 

For the startle response, we detected a main effect of social treatment on if the flies responded at 316 

least once to the stimuli (i.e., binomial analysis) (Table 1). In this analysis, we found that isolated 317 

individuals (I) were more likely to show a startle response relative to the group mixed sex (GM) 318 

individuals (Z = 3.90, p < 0.001) and group single sex (GS) individuals (Z = 0.69, p = 0.01).  We did not 319 

find significant differences in the startle response between GM and GS individuals (Z = 1.65, p = 320 

0.10). When only analysing the individuals that showed a startle across all three startles to test for a 321 

habituation response, we detected a significant three-way interaction between treatment, sex, and 322 

startle number (Fig. 2; Table 1). We show that females exhibit greater habituation to the startle 323 

across the three startles. Females from the group mixed sex (GM) and isolation (I) treatments also 324 

showed a much larger reaction to the first startle, then displayed habituation (i.e., reduced reaction) 325 

to the following startles (Fig. 2). Group single sex (GS) females also appeared to show habituation 326 

but to a lesser degree (Fig. 2). Males did not appear to show strong habituation to the startles 327 

overall, except for a trend towards reduced reactions with each consecutive startle in the GS 328 

treatment, similar to the habituation response shown in GS females. Differences between individuals 329 

explained 14.69 % of the variation in the startle response and there was no detectable variation due 330 

to batch (<0.001%). 331 

 332 

Lastly, we found that individuals showed a significantly greater tendency to walk in repetitive 333 

trigrams (‘repetitions’) (i.e., LLL, RRR) compared to alternating trigrams (i.e., LRL, RLR) (Z = 103.09, p 334 

= <0.001) (Fig. 3).  When analysing repetitive trigrams and alternating trigrams separately for ease of 335 
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interpretation (note that we also detected a three-way interaction between trigram type, sex, and 336 

treatment; see Table S1), we show that there is a significant sex ´ treatment interaction for both 337 

repetitive and alternating trigrams (Fig. 4; Table 1; see Table S2 for an analysis of partial trigrams). 338 

Females performed the least alternation or repetition trigrams (i.e., moved the least), and females 339 

from GM treatment performed the least trigrams (both repetitive and alternating) compared to the 340 

other treatments (Fig. 4; Table 1). When focussing on repetitive trigrams, males from the group 341 

mixed sex (GM) treatment performed the most repetitive trigrams, and males from the isolated (I) 342 

treatment performed the least repetitive trigrams (Fig. 4). The opposite pattern occurred in females; 343 

females from the group mixed sex (GM) performed the least repetitive trigrams, and females from 344 

the isolated (I) treatment performed the most repetitive trigrams (Fig. 4). Differences between 345 

individuals explained 43.71% of the total variation in alternation trigrams and differences between 346 

batches explained 1.32% of the total variation in alternation trigrams. Differences between 347 

individuals explained 21.02% of the total variation in repetitive trigrams, and differences between 348 

batches explained 3.01% of the total variation in repetitive trigrams. 349 

 350 

 351 
Fig. 1 Violin plot showing treatment and sex effects on the logged arena distance (+1) that the flies 352 

travelled during the locomotion assay. Red = females, blue = males, GM = group mixed sex, GS = 353 

group single sex, I = isolated individuals. Point and line represent mean ± SD. Samples sizes were n = 354 
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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 355 

I females, and n = 154 for I males. 356 

 357 

 358 
Fig. 2 Mean ± SD plot showing treatment and sex effects on the logged arena distance (+1) that the 359 

flies travelled after each light-off startle within treatments and sex. GM = group mixed sex, GS = 360 

group single sex, I = isolated individuals. Dark to light represents first through to third startle. 361 

Samples sizes for the number of individuals that showed at least one startle (binomial analysis) were 362 

n = 157 for GM females, n = 154 for GM males, n = 157 for GS females, n = 160 for GS males, n = 148 363 

for I females, and n = 154 for I males. Sample sizes for the number of individuals that showed a 364 

startle across all three startles (habituation analysis) were n = 16 for GM females, n = 27 for GM 365 

males, n = 26 for GS females, n = 33 for GS males, n = 42 for I females, and n = 44 for I males. 366 
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 367 
Fig. 3 Bar charts showing (A) the number of trigrams the flies performed during the y-maze assay 368 

and (B) the broad trigram types (i.e., alternation or repetition trigrams). Alternations  = LRL, RLR,  369 

repetitions = LLL, RRR. Note that partial trigrams (LLR, LRR, RRL, RLL) were excluded in panel B due to 370 

the bias in the number of trigram categories which would inflate the number of counts.  371 

 372 
Fig. 4 The number of alternations versus repetitions within treatments and sex (red = female, blue = 373 

male). GM = group mixed-sex, GS = group single sex, I = isolated individuals. Samples sizes were n = 374 

61 for GM females, n = 137 for GM males, n = 118 for GS females, n = 146 for GS males, n = 101 for I 375 

females, and n = 131 for I males. See Table S1 for partial trigrams. 376 

 377 
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Table 1 Main effects and interactions of sex and treatment on locomotion, startle response 378 

(binomial where individuals showed at least one startle, and habituation where individuals showed a 379 

startle response across all three light-off pulses), Y-maze alternations and repetitions. Startle 380 

response includes an interaction with startle number and that group mixed sex individuals showed a 381 

significantly negative correlation between locomotion and the number of repetitions.382 
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383 

 Locomotion Startle (binomial) Startle (habituation) Y-maze alternations Y-maze repetitions 

 χ2 df p χ2 df p χ2 df p χ2 df p χ2 df p 

Treatment 1.78 2 0.41 19.98 2 <0.001 4.41 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 ´ 

sex 

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 

Treatment ´  

startle number 

- - - - - - 0.40 2 0.82 - - - - - - 

Sex ´  startle 

number 

- - - - - - 6.93 1 0.01 - - - - - - 

Treatment ´ 

sex ´  startle 

number 

- - - - - - 6.54 2 0.04 - - - - - - 
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Effects of social environment and sex on trait correlations 384 

We found that the startle response (i.e., if the flies showed a startle to the light-off startle) and the 385 

number of repetitions were significantly positively correlated (Fig. 5A; supplementary material Table 386 

S1). However, the startle and the number of repetitions did not correlate with locomotion (Fig. 5A; 387 

supplementary material Table S1). 388 

 389 

When examining if correlations were only present under certain social contexts or within a particular 390 

sex, we found that only isolated individuals showed a significantly positive correlation between the 391 

startle response and the number of repetitions (Fig. 5B; supplementary material Table S1). We also 392 

found that females tended to show stronger positive trait correlations compared to males where 393 

females, but not males, showed a significant positive correlation between startle response and 394 

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

(Fig. 5C; supplementary material Table S1). 396 

 397 
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Fig. 5 Posterior means and 95% Credible Intervals (CI) of the correlations between the average 398 

distance in the locomotion assay, startle response (binary), and number of repetitions in the y maze. 399 

(A) the overall correlations across treatment and sex, as well as grouped by (B) treatment and (C) 400 

sex. loco = locomotion, reps = repetitions, startle = startle response, GM = group mixed sex, GS = 401 

group single sex, I = isolated individuals.  402 

Discussion  403 

Our study investigated the effects of social environment and sex  on behaviours relating to 404 

exploration, habituation to stress, and memory in captive Drosophila melanogaster. We observed 405 

sex-dependent effects of social stimulation on behaviour. Notably, we found that males tended to 406 

show greater exploration in both the locomotion assay and the y-maze assay, but also that the 407 

amount of movement within the y-maze (i.e., number of repetition and alternation trigrams) was 408 

dependent on interaction between social environment and sex. We also found that females were 409 

more likely to show a habituation response, and that the strength of this response was dependent 410 

on social environment. Lastly, in terms of cross-trait correlations, females tended to have stronger 411 

trait associations than males, although we acknowledge that these results may need a larger sample 412 

size to achieve satisfactory power. Overall, our findings indicate that the social environment can 413 

affect behaviour in Drosophila melanogaster, and that these behavioural responses can be sex-414 

dependent. This has implications for understanding the role of social environment in shaping basic 415 

behaviours, particularly those that are likely to underlie more complex behaviours such as mate 416 

searching or foraging.  417 

 418 

Behavioural plasticity in response to a range of external stimuli and across several traits has been 419 

reported in many species, including Drosophila melanogaster.  Social cues are among some of the 420 

external factors that induce behavioural plasticity.  Mated females can, for instance, alter their 421 

choosiness towards males via plastic changes in olfactory sensitivity to male pheromones (Kohlmeier 422 

et al. 2021). Similar responses were identified in males where perception of male-male competition 423 

plastically altered individual aggression levels (Nandy et al. 2016). Social proximity to competitors 424 

was also shown to modify male copulatory behaviour, even in species where remating is rare (i.e., 425 

where the risk of losing paternity to competitors should be absent; Lizé et al. 2011). 426 

 427 

Our findings are also in line with previous research showing that males and females can respond 428 

differently to sensory and environmental stimulation (Fowler et al., 2019; Han et al., 2015; Videlier 429 
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et al., 2019). Interestingly, we observed that males and females from the group mixed sex and 430 

isolated treatments showed opposite exploratory behaviour in the y-maze. Males from the group 431 

mixed sex (GM) treatment showed the most exploration (both alternations and repetitions, although 432 

repetitions were considerably higher), while isolated males showed the least. In contrast, females 433 

from the GM treatment showed the least exploration, and isolated females showed the most (again, 434 

consistent between alternations and repetitions). The observed direction of differences aligns with 435 

published evidence on D. melanogaster y-maze behaviour. For example, flies housed in intensely-436 

enriched environments (habitat enrichment with plants, artificial barriers and obstacles, large open 437 

space for exploration) tend to increase their exploratory behaviour in y-mazes (Akhund-Zade et al. 438 

2019), both in terms of the number of turns and the variation in turning pattern. However, this study 439 

did not account for the potential sex differences that we have demonstrated. These differences may 440 

be related to sex-specific effects of sensory stimulation incurred by social environment and/or 441 

differences in mating behaviour between the sexes. For example, social isolation can cause 442 

increased anxiety and reduced exploratory behaviour in other species (Mumtaz et al., 2018; Weiss et 443 

al., 2004). Nevertheless, the lack of social stimulation in the isolated treatment seemed to enhance 444 

exploration in females compared to those in the GM treatment. This sex difference in exploration in 445 

the GM treatment may be related to the refractory period experienced by previously mated females, 446 

where mated females will actively avoid additional matings, which may also correspond to reduced 447 

movement/exploration (Tompkins et al., 1982; Wolfner, 1997). A reduction in exploratory behaviour 448 

in the isolated males was less pronounced, but movement within the Y-maze was still substantially 449 

reduced compared to the GM (and, to a lesser extent, GS) treatments. In D. melanogaster, it is the 450 

male that exhibits active mating behaviour where a lower exploratory tendency could reflect 451 

reduced social stimulation in the isolated group. Observed sex-specificities may also partly reflect a 452 

weak inter-sexual genetic correlation in sociality-related behaviours (Scott et al. 2018), which would 453 

predispose such traits to independent evolution in opposite sexes. 454 

 455 

Isolated individuals were more likely to show a startle response, and social treatment interacted 456 

with sex in how it affected the rate of habituation to the three consecutive light-off startles. Part of 457 

this interaction resulted from males showing little to no such response, and females tending to show 458 

much stronger habituation in all social treatments (the slope of habituation response was 459 

particularly pronounced in the GM treatment). Such results are consistent with the rodent literature, 460 

where individuals with greater sensory stimulation through environmental enrichment show 461 

stronger habituation responses (Hughes & Collins, 2010). Habituation also seems to depend on the 462 

stressfulness of the environment, decreasing in stressful conditions (Chouinard-Thuly 2018). D. 463 
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melanogaster seem to habituate relatively easily to stressful stimuli (e.g., chemical, mechanical or 464 

electric; see (Cho et al. 2004), and also (Engel and Wu 2009) for a brief review), but little is known 465 

about the sex-specificity or plasticity of such responses. In particular, no studies exist in the context 466 

of social enrichment or deprivation.  467 

 468 

Interestingly, we did not detect any effects of social environment or a sex ´ treatment interaction on 469 

locomotory activity measured in the open arena setup (the locomotion assay). Both the y-maze and 470 

movement within the well-plates can be used to assess general exploratory behaviour (Simonnet et 471 

al. 2014; Cleal et al. 2021), but the y-maze may provide a more realistic test of exploratory behaviour 472 

by allowing a larger suite of natural behaviours, such as turning and the use of short-term working-473 

memory. Alternatively, y-maze assays may merge effects of explorative behaviours with general 474 

locomotory activity of flies (Buchanan et al. 2015). Even though we found that flies completed more 475 

repetition trigrams over alternation trigrams (a pattern confirmed also in (Cleal et al. 2021)), 476 

suggesting that they do not use strong working memories in this context, exploration within the y-477 

maze appears to allow for greater detection of social and sex-specific effects compared to 478 

exploration within the simple well-plate arena. 479 

 480 

We also did not detect a correlation between the locomotory activity and the number of repetition 481 

trigrams within the y-maze, apart from a weak negative correlation detected in the GM treatment. 482 

This suggests that these forms of exploration are not related, and in fact, may trade off with each 483 

other in previously mated individuals. Alternatively, locomotion within an open arena may not be 484 

representative of any natural conditions and should be revised as a behavioural assay. This result 485 

aligns with existing evidence showing little to no correlations between activity metrics and y-maze 486 

behaviour in fruit flies at the between-individual level (Werkhoven et al. 2021). We also did not 487 

detect a correlation between locomotion and the startle response even though these were 488 

conducted in the same arena. Werkhoven et al. 2021 also found no evidence for strong correlations 489 

between activity measures and phototaxis/optomotor handedness, which could be seen as distant 490 

analogues of our light-off assay. However, we did detect a significant positive correlation between 491 

the startle response and the number of repetitions in the y-maze, which was driven by females and 492 

isolated individuals. While it is not clear why these two responses are related under some contexts, 493 

these results clearly show that both sex and social environment can affect some behavioural 494 

correlations. Further exploration of these patterns may be interesting in relation to potential 495 

behavioural syndromes (consistent within-individual covariances of behavioural traits). Our 496 
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estimates may be regarded as proxies of such syndromes but are almost certainly inflated estimates 497 

of them; studies with replicated assays performed on the same individuals (or multiple genotypes) 498 

are needed to decompose sources of variation into within- and between-individual components 499 

(Dingemanse and Dochtermann 2013). 500 

 501 

One important issue that applies to our study is the adequacy and biological interpretability of the 502 

assays we used. We decided to perform the specific assays for three main reasons. First, they 503 

represented the best trade-off between the richness of the resulting data and the time constraint of 504 

each assay, allowing us to maximise the number of assayed flies. Second, the assays allowed for 505 

relatively simple transfer of assayed flies between different tests, enabling estimation of between-506 

individual correlations. Third, they were simple enough to facilitate their automation and higher 507 

throughput. The behavioural proxies of locomotion, exploratory behaviour, working memory and 508 

stress habituation were also used previously in Drosophila melanogaster, yielding results 509 

comparable to published studies in terms of variability and magnitude of observed measurements 510 

(see, for example, (Buchanan et al. 2015; Lewis et al. 2017; Fenckova et al. 2019; Cleal et al. 2021; 511 

Werkhoven et al. 2021)). Some may argue that the movement of animals in an open, circular arena, 512 

or a narrow y-maze has little biological relevance to natural locomotion and exploration patterns. 513 

However, it is generally assumed that such standardised tests can measure consistent, repeatable 514 

components of more complex behaviours. Therefore, our assays still provide valuable information 515 

about dimensions of behavioural phenotypic space upon which ecological or evolutionary processes 516 

could act (Werkhoven et al. 2021). Methodologically, alternatives exist that could be used in place of 517 

our phenotyping equipment (see, e.g., (Werkhoven et al. 2019)) – but we have no reason to suspect 518 

our approach would lead to any systematic biases in the measured parameters. One methodological 519 

difference that should be noted is  we avoided discarding flies that expressed activity below a certain 520 

threshold (as it was done in, e.g., (Buchanan et al. 2015; Werkhoven et al. 2021)). The goals of our 521 

study are strongly focused on the evolutionary and ecological processes our study iss assumed to 522 

represent. Thus, we are  interested in the all variation, which arguably should include low-activity 523 

individuals. Both before and after each assay, we confirmed all flies were alive and active (clearly 524 

inactive individuals were  identified and removed from analyses). Thus, the variation represented in 525 

this study is not biased by the inclusion of defective/harmed flies. 526 

 527 

Understanding how the environment and sex shape basic behaviours is important as they can 528 

underlie more complex behaviours related to fitness and survival. For example, exploration and 529 



   
 

 21 

short-term working memory are highly important for foraging and mate searching (Arenas et al., 530 

2007; Lihoreau et al., 2009; Wilson et al., 2010). Additionally, startle responses are a good indicator 531 

of how an individual processes and responds to stimuli in their environments (Götz & Janik, 2011; 532 

Hale et al., 2016; Sun et al., 2018). Overall, we show that the underlying behaviours related to these 533 

more complex behaviours can be sex-dependent and shaped by the social environment. Further 534 

research investigating the genetic and plastic mechanisms underlying these responses will further 535 

enhance our understanding of the complex interplay between social environment, sex, and 536 

behaviour. 537 
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