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Male harassment can disturb female feeding behaviour and limit females’ access to 11 

preferred foraging locations. However, it is not yet known how females trade off costs of 12 

sexual harassment or increased intrasexual competition against preference for dietary 13 

macronutrients when making foraging decisions. We used the fruit fly Drosophila 14 

melanogaster to investigate how female foraging decisions were affected by cues of 15 

conspecific presence and interactions with males. We assessed the strength of female 16 

choice for high-protein versus low-protein diet patches for foraging and oviposition in either 17 

single-sex groups, during direct interactions with males, or when exposed to cues of males 18 

or females (‘restricted’ conspecifics held within a transparent barrier, allowing auditory, 19 

visual and chemical cues but preventing physical contact and direct disturbance). Contrary 20 

to predictions, females did not avoid foraging or laying eggs on patches that had cues of 21 

male presence. Instead, females prioritised associating with restricted males, overriding 22 

harassment risk and diet preferences. In a subsequent experiment, we found that females 23 

were attracted to cues of conspecifics of either sex, even when those cues were derived 24 

from low-protein food patches. Female attraction to food patches with cues of conspecifics, 25 

for both feeding and reproduction, suggests that cues from socio-sexual partners are used 26 

in foraging decisions and can modulate, or sometimes override, diet quality preferences.  27 
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Male harassment of females is often costly for females. Costs of sexual harassment include 32 

reduced fecundity (McLain & Pratt, 1999), increased predation risk (Rowe, 1994), and 33 

increased injury and mortality (Réale et al., 1996; Mühlhäuser & Blanckenhorn, 2002). 34 

Sexual harassment also disturbs female feeding. For example, male harassment reduces 35 

female foraging time and efficiency in live-bearing fishes and in insects (Magurran & 36 

Seghers, 1994; Rowe, 1994; Stone, 1995; Griffiths, 1996; Pilastro et al., 2003; Plath et al., 37 

2003; Tobler et al., 2011; Teseo et al., 2016). 38 

 39 

Despite the documented impact of male harassment on female foraging behaviour, little is 40 

known about whether females dynamically change their nutrient intake in anticipation of, or 41 

in response to, sexual harassment. For example, females may feed on sub-optimal food 42 

patches either to avoid males, or because they have been directly displaced onto those 43 

diets by male pursuit. In many species, females express strong preferences related to diet 44 

macronutrient content (Simpson & Raubenheimer, 2012). Females often prefer a higher 45 

protein diet in comparison to conspecific males (Perry, 2011; Lee et al., 2013; Camus et al., 46 

2018; Archer et al., 2026). This preference aligns with optimal dietary intakes for female 47 

reproduction, which is generally maximised on relatively high protein diets (Lee et al., 2008; 48 

Maklakov et al., 2008; Fanson & Taylor, 2012; Solon-Biet et al., 2015). Macronutrient content 49 

strongly affects female reproductive output; therefore, effects of male harassment on female 50 

diet choices and diet composition are expected to have important fitness consequences for 51 

females.  52 

 53 

In this study, we tested whether the presence of males, and interactions with males, shifts 54 

females away from their dietary optima. We measured the preferences of D. melanogaster 55 

females for high-protein and low-protein food under different regimes of male exposure. To 56 

manipulate male harassment and social information about male presence, we exposed 57 

females directly (to enable interactions including harassment to occur) or indirectly (such 58 

that direct interactions and harassment were not possible) to individuals of the same or 59 

opposite sex. D. melanogaster is suitable for this study for several reasons: females show 60 

clear preferences for high protein diets and achieve higher reproduction on them (e.g., 61 

Jang & Lee, 2018), and well-established protocols exist for measuring diet preference. In 62 



addition, male harassment of females is frequent and easily observed (Bastock & Manning, 63 

1955; Lasbleiz et al., 2006).  64 

 65 

In the first experiment, there were four treatments: females were held in female-only groups, 66 

freely interacted with males in mixed sex groups or exposed to males ‘restricted’ within 67 

transparent circular arenas on either the high- or low-protein diet. We predicted that: (1) 68 

females in the same sex treatment would prefer the high protein diet, consistent with 69 

previous studies (e.g., Jang & Lee, 2018); (2) females would show altered foraging 70 

behaviour when in direct contact with courting, harassing males, due to physical 71 

disturbance; (3) females would avoid patches containing restricted males and thus show 72 

weaker or no preference for the high-protein diet containing restricted males. Part of this 73 

experiment revealed that females preferred diets on which male flies were restricted – even 74 

when male flies were restricted on the low-protein diet. Therefore, we reasoned that females 75 

might be attracted to the presence of conspecifics of either sex, perhaps because the 76 

presence of conspecifics provides social information indicating food availability or quality 77 

(reviewed by Lihoreau et al. 2015, Sulikowski 2017) or through benefits of being in a group 78 

(reviewed by Buxton et al., 2020). To test this, we conducted a second follow up 79 

experiment as part of this same study, to disentangle the effects of social versus sexual 80 

cues on female diet preference. For this, females were held in female-only groups, exposed 81 

to restricted females or males on either the high- or low-protein diet.  82 



METHODS 83 

Fly stocks and rearing 84 

Experimental flies were maintained on a standard sugar-yeast-agar (SYA) diet (50 g 85 

sucrose, 100 g brewer’s yeast, 15 g agar, 30 ml Nipagin (10 % solution), 3 ml propionic 86 

acid, 970 ml water) and were derived from a large stock population of outbred wildtype D. 87 

melanogaster from the Dahomey line (Chapman et al., 1994). To generate standardized 88 

parents of experimental flies (and limit parental carry-over effects), eggs were collected 89 

from the stock population in glass bottles containing 70 ml SYA medium and allowed to 90 

develop over a 10-day period. To generate experimental flies, eggs were collected from 91 

these parental generation flies using purple-grape-juice medium supplemented with live 92 

yeast paste. After 24 h, 50 first-instar larvae were transferred to glass vials containing 7 ml 93 

SYA medium. Experimental adults emerging from these cultures were collected as virgins 94 

using ice anaesthesia and housed in SYA vials in groups of 10 virgin males or of 20 females 95 

plus five males, to allow mating of focal females. Following a 3-day period, mated females 96 

were moved into new vials for 24 h before the start of the experiment. A subset of females 97 

was set aside in individual vials and allowed to lay eggs to confirm that females had mated 98 

(N = 54, 98 % of vials contained offspring). All flies were maintained, and experiments 99 

conducted, in a controlled environment at 50 % humidity and 25 °C, under a 12 h light-dark 100 

schedule. 101 

High-protein and low-protein diets  102 

Solid meridic diets were made following a recipe adapted from Piper and colleagues (2014; 103 

Supplementary Tables S1 and S2). Solid diets allowed us to set up diet patches within 104 

transparent arenas, and permitted flies to forage in more ecologically realistic conditions in 105 

comparison to liquid capillary feeding (e.g. Ja et al., 2007). Diets were made to 1 L with 106 

equal amounts of cholesterol, lecithin, agar, water, preservatives, essential vitamins and 107 

salts, while amounts of bovine casein (P) and sucrose (C) were adjusted to alter the protein 108 

to carbohydrate (P:C) ratio: 4:1 P:C (96 g bovine casein and 24 g sucrose) and 1:4 P:C (24 109 



g bovine casein and 96 g sucrose). Diets were autoclaved at 120 °C for 15 minutes and 110 

poured into trays at approximately 5 mm thickness. Diets were stored at 2 °C until use.  111 

 112 

On the morning of observations, patches were cut from the 1:4 and 4:1 diets using a 26 mm 113 

diameter circular cutter. One patch from each diet was placed into each of the plastic test 114 

arenas (100 mm x 15 mm petri dish with a small hole in the side to allow entry of CO2 gas 115 

for anaesthetisation). In both experiments, strips of transparent acetate film were formed 116 

into 150 mm diameter rings, which were pressed into each patch of food, so that roughly a 117 

third of the patch was also enclosed.  118 

 119 

To create the restricted treatments, single-sex groups of 10 males or females were placed 120 

within one of the acetate barriers to prevent direct harassment and physical interaction with 121 

focal females. Rings were cut to 13 mm high to ensure close contact with the lid to prevent 122 

files escaping and evenly perforated using a mounted needle. This allowed visual, 123 

pheromonal and auditory cues of males to be detected by females in the wider arenas  in 124 

the absence of direct contact (Bretman et al., 2011; Saltz, 2011; Fowler et al., 2022). To 125 

control for the presence of the acetate rings, all observation arenas contained two acetate 126 

enclosures, regardless of whether any flies were held within them. Arenas were then 127 

randomised using coded identifiers, to anonymise the treatments from the perspective of 128 

the observer, as far as possible.  129 

Diet preferences 130 

We first tested the diet preferences of focal mated females for high- versus low-protein diets 131 

following direct exposure to males (females and males moving freely), indirect exposure 132 

(males restricted to a portion of either food patch within an acetate barrier, preventing 133 

direct contact with females) or no exposure to males (Supplementary Figure S1a). The four 134 

experimental treatments were:  135 

a) Single-sex female groups. 136 

b) Freely interacting mixed sex groups. 137 

c) Unrestricted females with males restricted on the preferred (4:1) diet. 138 



d) Unrestricted females with males restricted on the non-preferred (1:4) diet. 139 

Diet and oviposition preference data were collected across two experimental blocks. 140 

Observations of each group were taken over three days in block one (five observations on 141 

day one, three on day two and three on day three) and block two (five observations on day 142 

one, five on day two and six on day three). Oviposition preference data were collected from 143 

the first day of block two.  144 

 145 

In the second experiment we tested the diet preferences of focal females for high- versus 146 

low-protein diets following indirect exposure to social groups of either sex (females or 147 

males restricted on either food patch within acetate arenas) or no exposure to social groups 148 

(Supplementary Figure S1b). The five experimental treatments were: 149 

a) Single-sex females. 150 

b) Unrestricted females with males restricted on the preferred (4:1) diet. 151 

c) Unrestricted females with males restricted on the non-preferred (1:4) diet. 152 

d) Unrestricted females with females restricted on the preferred (4:1) diet. 153 

e) Unrestricted females with females restricted on the non-preferred (1:4) diet.  154 

Data were collected from a single experimental block, with behavioural observations 155 

recorded over two days (four observations on day one and five on day two). Oviposition 156 

preference data were collected from the second day.  157 

 158 

To verify that female location was a reliable proxy for foraging (i.e., feeding) choice, we 159 

conducted a supplementary experiment using media marked with red or blue dye 160 

(Supplementary Methods and Supplementary Figures S2-S4). These dyes can be 161 

visualised in female abdomens following ingestion (Ribeiro & Dickson, 2010). A control 162 

experiment to test the potential effect of the acetate rings themselves on female 163 

preferences was measured in an additional supplementary experiment (Supplementary 164 

Figure S5). 165 

 166 

To start the data collection phase in the two main experiments, four-day old focal mated 167 

females were added to each of the arenas in groups of ten, using CO2 anaesthesia 168 



(experiment 1, block 1 N = 52 arenas; experiment 1, block 2 N = 64 arenas; experiment 2 N 169 

= 45 arenas). In all treatments, 10 females were added to the centre of each arena and had 170 

access to both diet patches. In the male restricted treatments (experiment one and two), 10 171 

males were added to either the 4:1 or 1:4 patch enclosure (Supplementary Figure S1). In 172 

the mixed-sex treatment (experiment one), 10 males were added to the centre of the arenas 173 

alongside females. In the female restricted treatments (experiment two), 10 females were 174 

added to either the 4:1 or 1:4 patch enclosure. Flies were allowed to acclimatise inside 175 

arenas for one hour before observations began. 176 

Behavioural observations of patch preference and extent of interactions including sexual 177 

harassment 178 

Arenas were scan sampled for behaviour every 0.5 - 1 h, and the number of female flies on 179 

the 4:1 patch, the 1:4 patch, or not on the food (i.e., on the dish or acetate barrier) were 180 

recorded. A two-second video was recorded for each arena containing the mixed-sex 181 

treatment in order to assess the extent of female harassment. Harassment was recorded 182 

when male files engaged in courtship towards a female (licking, wing-vibrating, orientation, 183 

or chasing) (Bastock & Manning, 1955) that did not result in mating.  184 

Flies remained in the arenas overnight after the first day of observations. Flies were 185 

anaesthetised using CO2 in the morning of the second day to allow replacement of the food 186 

patches by fresh diet from the same food batches. It was important to renew the diets to 187 

prevent the effect of larvae on female patch preferences, as larval digestion could alter diet 188 

composition and contribute additional social cues. Following anaesthetisation, flies were 189 

allowed to acclimatise for one hour, before behavioural scans began following the same 190 

protocol as above. Food patch replacement and behavioural observations were repeated 191 

for a third day in experiment one.  192 

Offspring development 193 

Eggs laid by focal females onto diet patches were retained 24 h after behavioural 194 

observations began. Diet patches were placed in individual vials containing 7 ml SYA to 195 

standardise developmental conditions. The number of adult offspring that emerged from 196 



each diet patch were recorded. In experiment two, photos of patches were also taken to 197 

record oviposition on the top surface of each patch and counted using ImageJ Fiji software 198 

(Schindelin et al., 2012) (Supplementary Figure S6), before patches were similarly 199 

transplanted into individual SYA vials. All offspring were left to develop for 12 days and vials 200 

were subsequently frozen. Numbers of adult offspring per vial were counted to profile 201 

reproduction on each patch in the 24 h window (experiment one N = 108 patches, 202 

experiment two N = 90 patches).  203 

Data analysis 204 

All statistical analyses were carried out in R version 4.0.4 (The R Foundation for Statistical 205 

Computing, Vienna, Austria, http://www.r-project.org) and all models can be found in 206 

Supplementary Table S3. Linear mixed models were run using the R package glmmTMB 207 

(Brooks et al., 2017). Model fit was checked and selection was done using the R packages 208 

DHARMa (Hartig, 2022) and Performance (Lüdecke et al., 2021). Post-hoc Tukey tests were 209 

carried out using the estimated marginal means (EMMs) package emmeans (Lenth et al., 210 

2023). 211 

a) Diet preference  212 

The number of flies present on the 1:4 food, 4:1 food, or not on the food (on the sides of the 213 

acetate barriers or on the dish) was recorded over 11 and 13 observations in experiment 214 

one (block 1 and 2, respectively) and 9 observations in experiment two, in a repeated 215 

measures design. To assess how attracted focal females were to any food patch, we 216 

calculated a food preference score as the number of female flies on either food patch 217 

divided by the total number of focal females in the arena (N = 10 in all cases). This was 218 

calculated for each arena at each observation. Of those females choosing a diet, the 219 

proportion choosing 4:1 over 1:4 was also calculated, again for each arena at each 220 

observation. 221 

 222 

To assess the effect of treatment on preference for food (versus non-food) and for 4:1 diet 223 

(versus 1:4), we ran linear mixed models using the R package glmmTMB (Brooks et al., 224 

http://www.r-project.org/


2017) using preference scores as response variables, weighted by the number of flies 225 

observed on food per observation.  226 

 227 

To account for repeated measures and nested levels in the experimental design, data were 228 

analysed within partially nested models (Supplementary Table S3). Day was nested within 229 

block (experiment one only), and observation was nested within day (checked using cross 230 

tabulation, with xtabs in the R package stats). Arena IDs per block were included as 231 

random effects in all diet models. Only one experimental block was carried out in the 232 

second experiment, therefore block was included as a fixed effect and day was included as 233 

a random effect in experiment one, and day was included as a fixed effect in experiment 234 

two. Estimated marginal means were extracted (Lenth et al., 2023) from each linear model 235 

(with 95 % confidence intervals) and used in plots of preference score.   236 

b) Offspring counts  237 

The effect of treatment group on the number of offspring per patch was analysed 238 

separately for each diet type in two models: 1) the number of offspring from 4:1 patches 239 

was compared across treatment groups and 2) the number of offspring from 1:4 patches 240 

was compared across treatment groups. Data were analysed in linear models using the R 241 

package glmmTMB (Brooks et al., 2017).   242 



RESULTS 243 

Results from the supplementary experiment supported our use of female presence on a 244 

solid diet as a proxy for diet choice: the colour of the diet patch that females were observed 245 

on was strongly associated with the colour of female abdomens (Supplementary Figures 246 

S1C, S3 and S4). Females showed a strong preference for the 4:1 over the 1:4 diet 247 

(Supplementary Figure S3), regardless of whether the 4:1 diet was dyed red or blue (diet 248 

colour: χ21 = 0.2, P = 0.69). In addition, the presence of acetate barriers alone resulted in a 249 

marginal decrease in preference for 4:1, but preference for 4:1 was still detectable when 250 

barriers were present (Supplementary Figure S1D and S5). 251 

Experiment one - effect of direct versus indirect exposure to males on female diet choice 252 

a) Female feeding was disrupted by direct disturbance from males 253 

Female preference for food was significantly affected by treatment (χ23 = 12.6, P < 0.01). 254 

Females were significantly less likely to be found on food patches when freely mixing with 255 

males, as compared to when males were absent, or when males were restricted to the 4:1 256 

patch (Figure 1; P < 0.05 in all cases). When the sexes could freely interact, males 257 

frequently harassed females: at least one incidence of harassment was observed in 83 % of 258 

observations in the mixed treatment (N = 348 observations). There was also a significant 259 

effect of block (χ21 = 27.2, P < 0.001), which was accounted for within the statistical model. 260 

 261 

 262 

 263 

 264 
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 267 

 268 

 269 

 270 



 271 

Figure 1  272 

Foraging behaviour is significantly reduced during direct interactions with males but not by cues of 273 

restricted males. Shown is the proportion of females present on food between the four socio-sexual 274 

treatments: ♀ single sex (10 females), ♀♂ mixed sex (freely interacting 10 females and 10 275 

unrestricted males), ♂ 4:1 (10 females with 10 males restricted to the 4:1 protein: carbohydrate diet 276 

patch), and ♂ 1:4 (10 females with 10 males restricted to the 1:4 protein: carbohydrate diet patch). 277 

Large circles represent estimated marginal means (± 95 % confidence intervals) extracted from the 278 

linear mixed model to account for repeated observations. Small circles represent raw data and 50% 279 

preference is marked by the grey, dashed line. Letters indicate significant differences from a post-280 

hoc Tukey test.  281 

b) Female diet choice varied with male location 282 

Female diet choice was significantly altered according to the presence and location of 283 

males (χ23 = 65.1, P < 0.001) (Figure 2). Counter to expectations, female preference for the 284 

4:1 diet increased when males were restricted on the 4:1 patches, compared with all other 285 

treatments (post-hoc Tukey tests of males on 4:1 versus females alone: t1428 =4.5, P < 0.001, 286 

versus mixed-sex: t1427 = 3.4, P > 0.01, versus males on 1:4: t1428 = 8, P < 0.001). Similarly, 287 
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females also shifted their diet preference towards the 1:4 patch when males were restricted 288 

on those 1:4 patches, hence decreasing their preference for 4:1 compared with all other 289 

treatments (post-hoc Tukey tests for males on 1:4 versus single-sex: t1428 = -3.5, P > 0.01, 290 

versus mixed-sex: t1427 = -4.6, P < 0.001).  291 

 292 

Counter to expectations (and the supplementary experiment results), there was no overall 293 

female preference in this experiment for the 4:1 diet in the single sex treatment. There was 294 

also no difference in preference for 4:1 between the single-sex and mixed-sex treatments 295 

(post-hoc Tukey test: t1428 = -1.1, P = 0.7) and no significant effect of block (χ21 = 0.5, P = 296 

0.5). Overall, the results suggest that female presence on any diet was reduced by direct 297 

contact with males, but that females were attracted to patches containing restricted males. 298 

 299 

 300 

Figure 2 301 

Female preference for the high-protein diet is significantly affected by cues of restricted males, but 302 

not by direct interactions with males. Shown is the proportion of females on the 4:1 (protein: 303 

carbohydrate) diet patch versus the 1:4 (protein: carbohydrate) diet patch between the four socio-304 

sexual treatments in the first experiment. Female dietary preference for 4:1 diet for the four 305 

experimental treatments: ♀ single sex (10 females), ♀♂ mixed sex (freely interacting 10 females and 306 

10 unrestricted males), ♂ 4:1 (10 females with 10 males restricted to the 4:1 patch), and ♂ 1:4 (10 307 
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females with 10 males restricted to the 1:4 patch). The number of females on the 4:1 patch was 308 

divided by the total number of flies on both patches to provide a proportion score of 4:1 preference. 309 

Large circles represent estimated marginal means (± 95 % confidence intervals) extracted from the 310 

linear mixed model to account for repeated observations and model weights. Small circles represent 311 

raw data and 50 % preference is marked by the grey, dashed line. Letters indicate significant 312 

differences from a post-hoc Tukey test. 313 

c) Offspring production was highest on diet patches with restricted males 314 

The number of adult offspring produced from each diet varied significantly with socio-315 

sexual treatment, for both 4:1 and 1:4 diet patches (χ23 = 15, P < 0.01 and χ23 = 24.3, P < 316 

0.001, respectively; Figure 3). The number of offspring produced on 4:1 diet was 317 

significantly higher when males were restricted on the 4:1 diet, compared to when males 318 

were restricted on the 1:4 diet (113 ± SE 13.9 versus 53 ± 9.3, respectively). Similarly, the 319 

number of offspring collected from 1:4 patches when males were restricted on the 1:4 320 

patch was significantly higher than all other treatment groups. These results suggest that 321 

the presence of restricted males on a diet patch made it more attractive to females as an 322 

oviposition substrate, resulting in more offspring. 323 

 324 

Overall, the mean total offspring on each diet patch was 85 ± 0.7 and 73 ± 0.6, for 4:1 and 325 

1:4 respectively (N = 64 patches). Interestingly, the total number of offspring produced per 326 

arena (summed across both diets) remained consistent between the four treatments (χ23 = 327 

2.1, P = 0.6; Supplementary Figure S7), suggesting that interactions with males did not limit 328 

females’ ability to oviposit.  329 



 330 

 331 

Figure 3 332 

Female oviposition choice for the low-protein diet was significantly affected by cues of males. Shown 333 

is the number of offspring produced from 24h samples of eggs laid by females on the 4:1 (protein: 334 

carbohydrate) diet (A) or 1:4 (protein: carbohydrate) diet (B) between the four socio-sexual 335 

treatments: ♀ single sex (10 females), ♀♂ mixed sex (freely interacting 10 females and 10 336 

unrestricted males), ♂ 4:1 (10 females with 10 males restricted to the 4:1 patch), and ♂ 1:4 (10 337 

females with 10 males restricted to the 1:4 patch). Boxes represent interquartile range (IQR) with 338 

whiskers as 1.5 x IQR. Small circles represent raw data. Medians are presented as thick horizontal 339 

lines and means as large, filled circles. Letters indicate significant differences from post-hoc Tukey 340 

tests.  341 

Experiment two - effect of indirect exposure to males or females on female diet 342 

choice 343 

a) Female feeding was not altered by male or female cues 344 

In the second follow-up experiment, we tested the effect of the sex of the restricted flies on 345 

female diet choice by including two additional treatments: ♀4:1 (unrestricted focal females 346 

with non-focal females restricted on the 4:1 patch) and ♀1:4 (unrestricted focal females 347 

with non-focal females restricted on the 1:4 patch). There was no effect of any of the 348 

restricted treatments on female preference for being on any food (χ24 = 0.1, P = 1; Figure 4). 349 
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The proportion of females on any diet patch differed between days (χ21 = 710.4, P < 0.001), 350 

which was accounted for within the statistical model.  351 

 352 

 353 

Figure 4 354 

Foraging for either diet was not significantly affected by cues of males or females. Shown is the 355 

proportion of females present on food between the five socio-sexual treatments: ♀ single sex (10 356 

females), ♂ 4:1 (10 females with 10 males restricted to the 4:1 protein: carbohydrate patch), ♂ 1:4 357 

(10 females with 10 males restricted to the 1:4 protein: carbohydrate patch), ♀ 4:1 (10 females with 358 

10 females restricted to the 4:1 protein: carbohydrate patch), and ♀1:4 (10 females with 10 females 359 

restricted to the 4:1 protein: carbohydrate patch). The total number of females on either food patch 360 

was divided by the total number of females (always 10) to provide an overall proportion score of food 361 

preference. Large circles represent estimated marginal means (± 95 % confidence intervals) 362 

extracted from the linear mixed model to account for repeated observations. Small circles represent 363 

raw data and 50 % preference is marked by the grey, dashed line. Letters indicate significant 364 

differences from a post-hoc Tukey test.  365 
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b) Female diet preference was affected by social cues 366 

In the second experiment to test the effect of male and female cues on female foraging 367 

choices, females showed a significant preference for the 4:1 diet (Figure 5), as predicted. 368 

There was a significant impact of socio-sexual treatment on female preference for the 4:1 369 

diet (χ24 = 52.8, P < 0.001), with preference shifted toward patches that contained restricted 370 

conspecifics of either sex. For example, when conspecifics were restricted on the 4:1 diet, 371 

preference for the 4:1 diet remained consistently high (single sex versus males on 4:1 and 372 

single sex versus females on 4:1; t360 = -1.2, P = 0.7 in both cases). Preference for the 4:1 373 

diet decreased significantly when conspecifics were restricted on the 1:4 diet, suggesting a 374 

shift in preference toward the 1:4 diet. There was a significant effect of day on female diet 375 

preference accounted for within the statistical model (χ21 = 50.7, P < 0.001). 376 

 377 

 378 

 379 

Figure 5 380 

Female foraging preference for high-protein was significantly reduced when cues of males or 381 

females were present on low-protein. Shown is the proportion of females on the 4:1 (protein: 382 

carbohydrate) patch versus the 1:4 (protein: carbohydrate) patch between the five socio-sexual 383 

treatments: ♀ single sex (10 females), ♂ 4:1 (10 females with 10 males restricted to the 4:1 patch), ♂ 384 
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1:4 (10 females with 10 males restricted to the 1:4 patch), ♀ 4:1 (10 females with 10 females 385 

restricted to the 4:1 patch), and ♀1:4 (10 females with 10 females restricted to the 4:1 patch). The 386 

number of females on the 4:1 patch was divided by the total number of flies on both patches to 387 

provide a proportion score of 4:1 preference. Large circles represent estimated marginal means (± 388 

95 % confidence intervals) extracted from the linear mixed model to account for repeated 389 

observations and model weights. Small circles represent raw data and 50 % preference is marked 390 

by the grey, dashed line. Letters indicate significant differences from a post-hoc Tukey test. 391 

c) Oviposition decisions were influenced by both diet and social cues 392 

Consistent with the first experiment, numbers of offspring generated from the 4:1 or 1:4 393 

patches were significantly dependent on socio-sexual treatment (χ24 = 13.4, P < 0.01 for 394 

offspring from 4:1 patches, χ24 = 16.1, P < 0.01 for offspring from 1:4 patches). More 395 

offspring were produced from 4:1 patches when there were cues of other females being 396 

present on those patches, compared with the absence of conspecific cues on any patches 397 

(single sex versus ♀4:1, Figure 6A). Similarly, more flies were produced from 1:4 patches 398 

when there were cues of conspecifics of either sex being present on those patches, 399 

compared with cues of females being present on 4:1 patches instead (Figure 6B). 400 

 401 

The number of eggs laid on the surface of each patch closely aligned with the offspring 402 

results (Supplementary Figure S8). Overall, the mean total offspring on each diet patch was 403 

154 (± 11) and 103 (± 10), for 4:1 and 1:4 respectively (N = 45 patches per diet). As in 404 

experiment one, the total number of offspring produced per arena (summed across both 405 

diets) was consistent among the five treatments (χ24 = 4.5, P = 0.3; Supplementary Figure 406 

S9). 407 

 408 

 409 

 410 

 411 

 412 

 413 



 414 

Figure 6 415 

Female oviposition choice was significantly affected by cues of males or females. Shown is the 416 

number of offspring produced from 24h samples of eggs laid by females on the 4:1 (protein: 417 

carbohydrate) diet (A) or 1:4 (protein: carbohydrate) diet (B) between the five socio-sexual 418 

treatments: ♀ single sex (10 females), ♂ 4:1 (10 females with 10 males restricted to the 4:1 patch), ♂ 419 

1:4 (10 females with 10 males restricted to the 1:4 patch), ♀ 4:1 (10 females with 10 females 420 

restricted to the 4:1 patch), and ♀1:4 (10 females with 10 females restricted to the 4:1 patch). Boxes 421 

represent interquartile range (IQR) with whiskers as 1.5 x IQR. Small circles represent raw data. 422 

Medians are presented as thick horizontal lines and means as large, filled circles. Letters indicate 423 

significant differences from post-hoc Tukey tests.   424 
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DISCUSSION 425 

We tested whether female foraging and reproductive behaviour was altered in response to 426 

the risk of sexual harassment and the presence of socio-sexual cues. In the first 427 

experiment, we manipulated direct and indirect exposure of mated, female flies to male 428 

flies. Contrary to our prediction that females would avoid cues of male presence, females 429 

were attracted to diet patches that held restricted males. Surprisingly, this attraction was 430 

strong enough to reverse female preference for high-protein food, suggesting that attraction 431 

to socio-sexual cues overrode preferences based on macronutrient content. Results from 432 

the second experiment showed that females were attracted to diet patches on which 433 

conspecifics were present, regardless of the sex of those conspecifics. We also found that 434 

direct interactions with males drove females away from food patches altogether.    435 

Females were attracted to cues of conspecifics  436 

We predicted that females would avoid cues of male presence (prediction 3). However, 437 

there was a significant increase in female presence on food patches that held restricted 438 

males. Our second experiment showed that females were not attracted to restricted males 439 

specifically, but rather to food patches with cues of conspecifics of either sex. In fact, cues 440 

from conspecifics reversed female preference for high-protein food in the first experiment 441 

and weakened its strength in the second experiment. Previous studies have reported a 442 

similar preference for joining social groups in female D. melanogaster (Saltz, 2011; 443 

Lihoreau et al., 2016a; Geiger & Saltz, 2020).  444 

Female attraction to food patches with conspecifics might yield several benefits that are not 445 

mutually exclusive. One possibility is that food patches with conspecifics could provide 446 

social information on food availability or quality (Lihoreau et al., 2018). There is evidence 447 

that foragers use social information in several species; for example, in cockroaches, 448 

Blattella germanica (Lihoreau et al., 2010), desert locusts, Schistocerca gregaria (Günzel et 449 

al., 2023) and our study species (Lihoreau et al., 2016a; Geiger & Saltz, 2020). Another 450 

possibility is that group membership reduces predation risk, for example through the 451 

dilution effect (Lehtonen & Jaatinen, 2016). A related hypothesis is that females approach 452 

groups of conspecifics to dilute the risk of sexual harassment. For example, female eastern 453 

mosquito fish, G. holbrooki, move closer to conspecific females when a male, but not a 454 



female, is presented, and females approach groups of males more often than they 455 

approach individual males, as male-male competition may reduce an individual’s risk of 456 

harassment from males (Dadda et al., 2005, 2008). If female attraction to food patches with 457 

conspecifics is adaptive, then benefits from associating with conspecifics must outweigh 458 

the costs of sexual harassment from males and of competition with other females for food 459 

and oviposition sites, as well as increased competition for offspring during development 460 

(Wertheim et al., 2006).  461 

Female attraction to cues of conspecifics might have been mediated by social odorants 462 

(reviewed by Wertheim et al., 2005). Cuticular hydrocarbons in D. melanogaster act as both 463 

close- and long-range pheromones (Bartelt et al., 1985; Dweck et al., 2015), and males and 464 

females can emit species-specific attractant pheromones following transfer from the male to 465 

the female during mating (Bartelt et al., 1985; Wertheim, 2005). This can lead to the 466 

formation of large aggregations (Wertheim et al., 2006). In addition, social odorants interact 467 

with cues of nutritional content; females show a much lower preference for food odorants 468 

than do starved females, but addition of the D. melanogaster sex pheromone, cis-vaccenyl 469 

acetate, increased attractiveness of food odorants to fed females (Lebreton et al., 2015). 470 

Aggregation pheromones, and possible interaction with nutritional cues, may be a 471 

mechanism for our results in both the first and second experiments to attract focal females 472 

to diet patches, regardless of the sex of the emitter (Wertheim et al., 2002, 2005; Lebreton 473 

et al., 2015).  474 

There was no strong preference for the 4:1 P:C diet when females were held in single-sex 475 

groups in the first experiment (prediction 1), which was contrary to our predictions and 476 

previous observations in female insects, including D. melanogaster specifically (e.g., 477 

Maklakov et al., 2008; Lee et al., 2013; Camus et al., 2018, but see Lihoreau et al., 2016b). 478 

It is unclear why females did not display a clear preference in this treatment. However, we 479 

did observe the expected strong preference for 4:1 P:C diet in both the preliminary 480 

experiment and the second experiment. The reason for the discrepancy is not clear.  481 

In both experiments, the number of offspring from a food patch was highest when 482 

conspecifics were restricted on that food patch. This finding is in alignment with the results 483 

for female patch choice, suggesting that females simply laid eggs on the patches they fed 484 



from. However, other studies have reported that female D. melanogaster preferences for 485 

oviposition and feeding can be uncoupled (Wertheim et al., 2002; Lihoreau et al., 2016b) 486 

and the macronutrient content of oviposition substrate chosen by females is important for 487 

larval development and survival (Rodrigues et al., 2015). In this study, it is possible that 488 

social cues influenced oviposition decisions in addition to macronutrient content. 489 

Direct interactions with males reduced female foraging but not oviposition 490 

We expected to find disrupted foraging in the mixed-sex treatment, where males could 491 

physically disturb females (prediction 2). There was no evidence for a change in female 492 

diet choice when females interacted directly with males, compared with single-sex female 493 

groups. In contrast, changes to female diet choices in response to male harassment have 494 

been observed in the solitary bee Anthophora plumipes, in which females avoid nectar-rich 495 

flowers that are associated with high male harassment (Stone, 1995). In D. melanogaster, 496 

harassment alters female feeding choice via learning, because harassed females have less 497 

time to associate aversive stimuli with particular diets (Teseo et al., 2016). However, we did 498 

observe females on either food significantly less often when females interacted directly with 499 

males. This result is consistent with observations that harassment physically disrupts 500 

feeding in other species (Magurran & Seghers, 1994; Rowe, 1994; Stone, 1995; Griffiths, 501 

1996; Herberstein et al., 2002; Pilastro et al., 2003; Plath et al., 2003; Tobler et al., 2011; 502 

Teseo et al., 2016). For example, in the mosquitofish, G. holbrooki, females take longer to 503 

initiate feeding and ate less per minute when a male was present (Pilastro et al., 2003). In 504 

guppies (Poecilia reticulata) and in water strider (Aquarius remigis), females forage less 505 

when they are subject to frequent male harassment (Sih & Watters, 2005; Yang et al., 2023). 506 

The observation of disruption to female food intake from male harassment in these diverse 507 

taxa suggests that this pattern might be widespread. 508 

Although females spent less time on food patches in the mixed-sex treatment, we found 509 

that offspring production was similar to the single sex treatment, which suggests that sexual 510 

harassment did not affect oviposition rates. This result contrasts with a previous finding of 511 

reduced oviposition by female D. melanogaster under frequent male harassment (Teseo et 512 

al., 2016). It is possible that a reduced opportunity for oviposition in the mixed sex 513 

treatment could have been masked by females re-mating, which might have increased 514 



fecundity. However, any effect of re-mating is likely to have been minimal because female 515 

re-mating rate is low within 24 hours (Singh & Singh, 2004), as was noted observationally in 516 

this study. Therefore, further study of female and male movement is needed to identify finer-517 

scale disruptions to feeding and oviposition from male harassment.  518 

CONCLUSION 519 

Our findings suggest that female feeding decisions are altered by the presence of social 520 

partners or their cues. It is surprising that socio-sexual cues weakened or reversed female 521 

preference for high-protein food, given the strong association between protein intake and 522 

reproduction, and the risk of male harassment, which may harm females and disrupt 523 

foraging. Further study manipulating the size and sex ratio of social groups and 524 

pheromonal cues (e.g., by artificially seeding cuticular extracts onto foods) in a diet choice 525 

assay would help to uncover the mechanisms underlying these observations. It would be 526 

fruitful to test whether female D. melanogaster experience a dilution of sexual harassment in 527 

larger groups (Pilastro et al., 2003), and investigate the influence of collective decision 528 

making on female foraging behaviour under sexual harassment, by testing the feeding 529 

choices of smaller groups of focal females, or even individuals.  530 
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Supplementary Information for Socio-sexual cues shape female diet choice in 699 

Drosophila melanogaster   700 

 701 

Figure S1.  702 

Experimental design of the diet choice and behavioural assays. In all treatments and experiments, 703 

10 mated females were added to Petri dishes containing a disc of 4:1 protein: carbohydrate and 1:4 704 

protein: carbohydrate diet. Lighter fly icons represent female flies, and darker fly icons represent 705 

male flies. (A) Experiment one: ♀ single sex (10 females), ♀♂ mixed sex (freely interacting 10 706 

females and 10 unrestricted males), ♂ 4:1 (10 females with 10 males restricted to the 4:1 diet patch), 707 

and ♂ 1:4 (10 females with 10 males restricted to the 1:4 diet patch). (B) Experiment two: ♀ single 708 

sex (10 females), ♂ 4:1 (10 females with 10 males restricted to the 4:1  diet patch), and ♂ 1:4 (10 709 

females with 10 males restricted to the 1:4 diet patch),  ♀ 4:1 (10 females with 10 females restricted 710 

to the 4:1 diet patch), and ♀ 1:4 (10 females with 10 females restricted to the 1:4  diet patch). (C) 711 

Assay using dye coloured food: blue 4:1 food (4:1 diet containing ingestible blue dye and 1:4 diet 712 

containing ingestible red dye) and red 4:1 food (4:1 diet containing ingestible red dye and 1:4 diet 713 

containing ingestible blue dye). (D) Assay testing acetate barriers: barriers (discs of 4:1 and 1:4 diet 714 

both hold perforated, empty acetate ring) and no barriers (neither discs of 4:1 or 1:4 diet hold an 715 

acetate ring).  716 

 717 

♀single sex ♂4:1 ♀4:1♂1:4 ♀1:4
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A. Experiment one
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C. Assay using dye coloured food D. Assay testing acetate barriers



Supplementary methods for assay using dye coloured food 718 

For red and blue diets, 4:1 and 1:4 protein: carbohydrate diets were additionally dyed with 719 

red and blue pigment, which can be observed externally within fly guts following ingestion 720 

(Ribeiro & Dickson, 2010). 125 mg of powdered red dye (amaranth, Sigma A1016) and 50 721 

mg of powdered blue dye (indigo carmine, Sigma 131164) were added to separate 250 ml 722 

aliquots of each diet, to create four diet types (blue 4:1, blue 1:4, red 4:1 and red 1:4). All 723 

diets were autoclaved at 120 °C for 15 minutes for sterilisation and poured into trays at 724 

approximately 5 mm thickness to set, as in the main experiment. Diets were stored at 2 °C 725 

until use.  726 

 727 

Diets were cut using a 26 mm circular cutter, and one of each P:C content were added to 728 

each observation arena (N = 28), e.g., half of the arenas contained one patch of blue 4:1 729 

and one of red 1:4, while the other half of arenas contained one patch of blue 1:4 and one 730 

of red 4:1, to control for colour of diet influencing female choice. Arenas were then 731 

randomised using coded identifiers, to anonymise the treatments from the perspective of 732 

the observer.  733 

Behavioural observations of female patch preference 734 

Three-day old, mated females were collected from a second generation of controlled 735 

rearing (by the method described in the methods section) and added to the blue and red 736 

food arenas in single sex groups of 10 using CO2 anaesthesia. Arenas were then moved to 737 

25 °C and left to acclimatise for 2 hours. Food patch preference scores were obtained for 738 

each arena by scan sampling the number of individuals on each of three locations (blue 739 

patch, red patch or dish) every 0.5 h, for 2.5 h.  740 

 741 

After the last observation, focal female flies were anaesthetised using CO2 and photos were 742 

taken of each individual’s abdomen using a digital microscope camera (GXCAM, GT Vision 743 

Ltd; N = 280 photos). Camera settings were fixed for all photos. Photos were edited post-744 

production to adjust contrast, with edits applied identically to all photos using the Mac 745 



Photos app (Version 9.0, Apple Inc.). To determine abdomen hue, five observers were each 746 

provided with the photos in a randomised order in Microsoft PowerPoint and were asked to 747 

score the colour of each fly’s abdomen using a reference colour score bar: 0 – no colour, 1 748 

– blue, 2 – purple (mixed diet) or 3 – red (Supplementary Figure S2).  749 

Analysis 750 

The effect of diet colour on diet preference was analysed by using a binomial GLMM, in 751 

which the number of flies on each patch was combined using the cbind function. Arena ID 752 

and observation were included as nested random factors.  753 

Location of females aligned with the colour of dye in their abdomen  754 

Females in all treatments showed the strong, expected preference for the high protein 4:1 755 

food (Supplementary Figure S3). This preference was observed regardless of the colour of 756 

the diet patches. Treatment (colour of the 4:1 food) did not affect the number of females on 757 

each diet patch (χ21 = 0.2, P = 0.69). The proportion of abdominal images scored as 758 

red/blue within each treatment also closely aligned to the observed preferences for 4:1 759 

observed in the behavioural data (Supplementary Figure S4).  760 

  761 



 762 

Figure S2 763 

Subset of 9 example images scored during the diet preference for coloured patches assay. Images 764 

of female flies were presented to scorers on individual slides using Microsoft PowerPoint (version 765 

16.86) and each image contained the reference colour scoring bar, and a randomised ID. Scorers 766 

were instructed to give each fly a score of 0 (no food), 1 (blue abdomen), 2 (purple abdomen) or 3 767 

(red abdomen).  768 

  769 



 770 

 771 

 772 

Figure S3 773 

The number of female flies resting on the 1:4 and 4:1 blue and red diets or on the dish across six 774 

observations of 28 arenas. Boxes represent IQR with whiskers as 1.5 x IQR. Medians are presented 775 

as thick horizontal lines and means as large, filled circles.  776 
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 778 

 779 

Figure S4 780 

The proportion of scores assigned to photos of female flies after feeding in arenas with two patches 781 

of dyed diets (either blue 4:1 and red 1:4 patch, or red 4:1 and blue 1:4 patch) (N = 280 females). 782 

Scores were obtained from observers marking the colour of each fly’s abdomen in photos as none, 783 

blue, purple or red.  Large, coloured circles represent the average proportion of photos scored as 784 

either none, blue, purple, or red, with black, vertical lines as standard error. Small circles represent 785 

the proportion per observer. 786 
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 791 
 792 
 793 

Figure S5  794 

Pilot study testing the effect of transparent, perforated, acetate barriers on diet preference. 10 mated 795 

female flies were added to small arenas containing two solid diet patches (4:1 and 1:4, methods as 796 

reported main methods in experiment one and two). In half of the samples, acetate rings were added 797 

to both diets. Female location was recording using scan sampling. Large circles represent estimated 798 

marginal mean values (± 95 % confidence intervals) extracted from the linear mixed model to 799 

account for repeated observations and model weights. Raw, unweighted data from all observations 800 

is underlaid as small circles. Significance levels are represented as letters above each treatment to 801 

visualise results of pairwise comparisons between groups from a post-hoc Tukey test.  802 
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 805 
 806 
 807 
 808 

 809 
 810 

Figure S6 811 

Example image of eggs laid on the surface of 4:1 and 1:4 diet patches, in an observation arena, by 812 

10 females, 24 hours after behavioural observations started. Flies were anaesthetised using gaseous 813 

CO2 (to allow removal of the patches to rear offspring in standard conditions, in vials containing 7 ml 814 

sugar-yeast-agar diet) at which point a photo was taken. Eggs were counted later using ImageJ Fiji 815 

software (Schindelin et al., 2012). Only visible eggs on the top surface of each patch were counted, 816 

to provide a proxy number of egg laying rates. 817 

 818 
  819 



 820 

Figure S7 821 

The total number of offspring produced across four socio-sexual treatments: alone; females 822 

remained alone, mixed; free non-focal males added to arena, ♂4:1; non-focal males added to 823 

restricted area on the 4:1 patch, and ♂1:4; non-focal males added to restricted area on the 1:4 824 

patch (experiment one). Offspring numbers are summed across the two diet patches in each arena 825 

(individual values are represented by small circles overlaid on corresponding treatment). Boxes 826 

represent IQR with whiskers as 1.5 x IQR, medians are presented as thick horizontal lines and 827 

means as large, filled circles.  828 
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 830 

 831 

Figure S8 832 

The total number of offspring produced on the 4:1 protein: carbohydrate (A) or 1:4 protein: 833 

carbohydrate (B) diets from 24h samples of eggs laid by females on the 4:1 (C) or 1:4  (D) diets 834 

(e.g., Supplementary Figure S6). Egg and offspring counts produced across five socio-sexual 835 

treatments in experiment two: ♀ single sex (10 females), ♂ 4:1 (10 females with 10 males restricted 836 

to the 4:1 patch), ♂ 1:4 (10 females with 10 males restricted to the 1:4 patch), ♀ 4:1 (10 females with 837 

10 females restricted to the 4:1 patch), and ♀1:4 (10 females with 10 females restricted to the 4:1 838 

patch). Individual values are represented by small circles overlaid on corresponding treatment. 839 

Boxes represent IQR with whiskers as 1.5 x IQR, medians are presented as thick horizontal lines and 840 

means as large, filled circles. 841 
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 843 

 844 

Figure S9 845 

The total number of offspring produced across five socio-sexual treatments in experiment two: ♀ 846 

single sex (10 females), ♂ 4:1 (10 females with 10 males restricted to the 4:1 patch), ♂ 1:4 (10 847 

females with 10 males restricted to the 1:4 patch), ♀ 4:1 (10 females with 10 females restricted to the 848 

4:1 patch), and ♀1:4 (10 females with 10 females restricted to the 4:1 patch). Offspring numbers are 849 

summed across the two diet patches in each arena (individual values are represented by small 850 

circles overlaid on corresponding treatment). Boxes represent IQR with whiskers as 1.5 x IQR, 851 

medians are presented as thick horizontal lines and means as large, filled circles.  852 
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Table S1. Diet quantities required for 1.5 L of solid meridic diet of varying P:C ratios, based on a 854 

combined caloric concentration of 120 g/L.  855 

 856 

P:C ratio 1:2 1:4 1:5 1:8 4:1 

Casein (g) 60 36 30 20 120 

Sucrose (g) 120 144 150 160 60 

Cholesterol (g) 0.45 0.45 0.45 0.45 0.45 

Lecithin (g) 6 6 6 6 6 

Agar (g) 30 30 30 30 30 

KH2PO4 (ml) 150 150 150 150 150 

K2HPO4 (ml) 150 150 150 150 150 

MgSO4 (ml) 150 150 150 150 150 

NaHCO3 (ml) 150 150 150 150 150 

Nucleic acid sol (ml) 150 150 150 150 150 

De-ionised H2O (ml) 300 300 300 300 300 

Autoclave the mixture at this stage 

10% Nipagin-ethanol 

solution (ml) 

15 15 15 15 15 

Propionic acid (ml) 4.5 4.5 4.5 4.5 4.5 

Vitamin mix (ml) 225 225 225 225 225 

De-ionised H2O (ml) 

Top up to 

1.5 L 

Top up to 

1.5 L 

Top up to 

1.5 L 

Top up to 

1.5 L 

Top up to 

1.5 L 

 857 

Salt solutions contain 2 L de-ionised H2O and each salt in solid form (14.22 g KH2PO4, 74.6 g 858 

K2HPO4, 12.4 g MgSO4, 20 g NaHCO3). Nucleic acid solution contains 11.4 g Uridine, 12.8 g Inosine, 859 

2 litres de-ionised H2O. Diet adapted from Piper and colleagues (Piper et al., 2014).  860 

 861 

 862 

 863 

 864 



Table S2. Recipe to make 2 L vitamin mix 865 

 866 

Ingredient Quantity 

Thiamine (g) 0.0267 

Riboflavin (g) 0.133 

Nicotinic acid (g) 0.16 

Ca Pantothenate (g) 0.222 

Pyridoxine (g) 0.033 

Biotin solution (ml) 133 

Folic acid solution (ml) 133 

De-ionised H2O (ml) 1733 

 867 

Biotin solution made from 0.01g Biotin and 500ml de-ionised H2O. Folic Acid solution made from 868 

0.119g Folic Acid, 80ml ethanol and 320ml de-ionised H2O. Both made in 500ml conical flasks and 869 

stored in fridge until use. 870 

 871 

 872 

 873 

  874 



Table S3 875 

Statistical linear models used to analyse data reported in the main manuscript, with test statistic, 876 

degrees of freedom and P value reported. All models were carried out in R version 4.0.4 (The R 877 

Foundation for Statistical Computing, Vienna, Austria, http://www.r-project.org).  878 

 879 

Test Model Outcome 

Experiment 1   

Food preference glmmTMB(foodPref ~ treatment + 

block + (1|uniqueDay) + 

(1|uniqueObs) + (1|id_new), data) 

a) Treatment χ23=12.6, 
P=0.00565 

b) Block χ21=27.4, P<0.001 

4:1 preference glmmTMB(propPref ~ treatment + 

block + (1|uniqueDay) + 

(1|uniqueObs) + (1|id_new), weights 

= totalfood, data) 

a) Treatment χ23=65.1, 

P<0.001 

b) Block χ21=0.5, P=0.4924 

4:1 offspring glmmTMB(adult.offspring ~ 

treatment, data) 

a) Treatment χ23=15, 
P=0.00185 

1:4 offspring glmmTMB(adult.offspring ~ 

treatment, data) 

a) Treatment χ23=24.4, 
P<0.001 

Total offspring glmmTMB(total ~ treatment, data) a) Treatment χ23=2.1, 
P=0.5583 

Experiment 2   

Food preference glmmTMB(foodpreference ~ treatment 

+ day + (1|observation) + (1|id), 

data) 

a) Treatment χ24=0.1, 

P=0.998 

b) Day χ21=710.4, P<0.001 

4:1 preference glmmTMB(prefprop ~ treatment + day 

+ (1|observation) + (1|id), weights 

= totalfood, data) 

a) Treatment χ24=52.8, 
P<0.001 

b) Day χ21=50.7, P<0.001 

4:1 offspring glmmTMB(adult_offspring ~ 

treatment, data) 

a) Treatment χ24=13.4, 
P=0.009 

1:4 offspring glmmTMB(adult_offspring ~ 

treatment, data) 

a) Treatment χ24=16.1, 
P=0.002878 

Total offspring glmmTMB(total ~ treatment, data) a) Treatment χ24=4.5, 
P=0.3478 

4:1 eggs glmmTMB(n.eggs ~ treatment, data) a) Treatment χ24=20.1, 
P<0.001 

http://www.r-project.org/


1:4 eggs glmmTMB(n.eggs ~ treatment, data) a) Treatment χ24=30.4, 
P<0.001 

Total eggs glmmTMB(total ~ treatment, data) a) Treatment χ24=9.3, 
P=0.05345 

Barrier pilot   

Food preference, 

barrier pilot 

glmmTMB(foodpreference ~ treatment 

+ block + (1|day) + (1|observation) 

+ (1|id), data) 

a) Treatment χ21=8.6, P<0.01 
b) Block χ21=0.6, P=0.436381 

4:1 preference, 

barrier pilot 

glmmTMB(highpreference ~ treatment 

+ block + (1|day) + (1|observation) 

+ (1|id), weights = totalfood, 

data) 

a) Treatment χ21=4.7, 
P=0.003275 

b) Block χ21=0.001, P=0.97 
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