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Abstract
Individuals often adjust their behaviour based on their perception and experiences with the social and/or physical environment.
In this study, we examined the extent of reproductive plasticity expressed in mating rates, mating latencies, mating durations,
and offspring production in female fruit flies, Drosophila melanogaster, that encountered different numbers of males in
different sized chambers. We found that mating latency length decreased with more courting males and smaller environments
and that matings durations were longer in larger chambers and in the presence of two males. These results illustrate the
sensitivity of these behavioural phenotypes to changes in local environmental conditions.
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Reproductive behavioural plasticity and offspring production of female flies housed with either 1 or 2 males in different sized
chambers (Small “S” or Large “L”). The timing and distribution of mating latencies are depicted in Fig 1a & 1b; mating
durations are plotted Fig 1c & 1d, and offspring production is depicted in Fig 1e For boxplots, the boxes enclose the middle
50% of data (the inter-quartile range, IQR), with the thick horizontal line representing the location of median. Data points >
±1.5*IQR are designated as outliers. Whiskers extend to largest/smallest values that are not outliers, indicated as closed
circles. Colours used to differentiate different treatments in survivorship plots correspond to those used in the boxplots.

Description
Fruit flies, Drosophila melanogaster, are frequently used in studies designed to explore how genetic and/or social factors
affect the expression of pre- and post-copulatory sexual selection and sexual conflict. The courtship and mate assessment in
this species is complex and involved the exchange of visual, auditory, chemical and tactile cues (Welbergen et al. 1992, Hall
1994, Greenspan & Ferveur 2000). By examining the frequency of matings, how long it takes for flies to start mating (“mating
latency”), and the duration of copulation (“mating duration”), in different experimental scenarios, the plastic responses of the
sexes can be used to infer how males and females perceive their mates and their reproductive environment (Friberg 2006,
Bretman et al. 2009, Taylor et al. 2013). In our study we set out to explore how manipulating the number of males present in a
mating arena (1 or 2) and the relative size (large or small) of said arena, influenced reproductive behaviour and subsequent
offspring production.

While mating rate did exhibit a marginally significant interaction between the number of males and the chamber size
treatments (Table 1a), post-hoc comparative tests did not reveal any significant differences between pairs of treatment
combinations. Mating was observed in 96.2% of vials in which there were 2 males, and 88.8% of vials with one male, a
difference that was not statistically significant at the α=0.05 level, and of negligible effect size (Cliff’s delta & [95%CI] =
0.066 [0.136, 0.004]). While the overall rate of matings did not differ meaningfully between different social or physical
environments, the temporal patterns of mating did. Female flies housed with 2 males mated faster (x̄ & [95%CI]: 1173s [976,
1411]) than did those housed with a single male (x̄=2296s [1907, 2764]; Cliff’s delta= 0.412 [0.273, 0.534]; Figure 1a & b,
Table 1b), which likely reflects the greater chance of a female being located and courted when there are more males present in
the environment. These result are also consistent with previous work that indicates that male courtship of females is higher
when there is an increased risk or intensity of sperm competition (Bretman et al. 2009). Furthermore, mating resulted more
quickly in the small chambers (x̄=1305s [1082, 1575]) than in the large chambers (x̄=2063 [1720, 2476]; Cliff’s delta=0.406
[0.265, 0.530]), a result likely due to the increased ease of males locating, pursuing and courting females in the smaller
environment. Previous studies have found that males engage in more intensive courtship for females in smaller space spaces
(Ewing and Ewing 1984), likely because it is more difficult for females to flee from unwanted male courtship in a smaller
arena (Partridge et al. 1987).

Mating duration also exhibited plasticity in its expression (Figures 1c & 1d). When two males were present in a vial, the length
of copulation was shorter (x̄=912s [860, 964]) than when there was only the single mating male (x̄=1002 [948, 1055; Cliff’s
delta=0.169 [0.015, 0.315]; Table 1c). This phenomenon has also been seen in a previous study (Bretman et al. 2009) where it
was hypothesized that is was due to interference from the unmated male, or a case of strategic adjustment by the mating male
in anticipation of encountering sperm competition in the future. Alternatively, as females do play an active role in shaping the
length of copulation (Bretman et al. 2013, Edward et al. 2014) they may be more motivated to end mating sooner in the
presence of another potential mate. Interestingly, the acoustic signal of male courtship songs triggers an escape response in
females (Arez et al. 2021), so if the second male courts the mating female (something that occurs frequently -see Dukas 2020)
this might conceivably lead to in an increased chance of earlier termination. Matings that occurred in smaller chambers were
marginally shorter (x̄=918s [865, 9790]) than those that happened in the larger arenas (x̄=996s [943, 1049]; Cliff’s
delta=0.202 [0.050, 0.345]), possibly as it was more difficult for females to dislodge males in the more confined area.

When examining offspring production, females in larger chambers produced more offspring on average (x̄=9.29 [8.32, 10.37])
than those in small chambers (x̄=7.24 [6.39, 8.21]; Cliff’s delta= 0.237 [0.090, 0.374]). This small difference might be
attributable those females in larger spaces experiencing less disruption to their offspring production and provisioning. In D.
melanogaster, mated females must feed consistently to acquire the nutrients required to produce many yolk-rich ova (Spieth
1974), and persistent harassment by males may interfere with their ability to optimally forage (Bretman & Fricke 2019).
Higher levels of mating and/or male harassment causes females to be less fit (Fowler and Partridge 1987, Partridge and Fowler
1990, Long et al. 2009). While there was no statistically significant difference in the number of offspring associated with the
number of males present in the vial, there was a trend toward more offspring produced in the single male vials (x̄=8.83 [7.89,
9.89]) than in the vials with two males (x̄=7.61 [6.73, 8.60]; Cliff’s delta=0.182 [0.037, 0.319]) that is also consistent with the
idea that greater potential exposure to males interferes with offspring production in females (Long et al. 2009).
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Cumulatively, these results illustrate the considerable plasticity in the expression of some reproductive behavioural phenotypes
in D. melanogaster, and underscores the need to consider both the social and the physical environment when designing
experiments measuring their mating latencies and/or durations, as these are often used as proxies of individual attractiveness
or are used to infer the costs and benefits of variation in the expression of reproductive behaviours (see Shackleton et al. 2005,
Friberg 2006, Bretman et al. 2009, Edward et al 2014, Tennant et al. 2014)

Table 1. Analysis of deviance tables examining the effects of size of chamber size, numbers of males present in the chamber
and their interaction on (a) the likelihood of mating during the observation session (b) the latency to mate, (c) the duration of
subsequent copulations, and (d) the number of offspring produced in the next 24h in D. melanogaster.

a) Mating Rate b) Latency c) Duration d) Offspring

Factors LR χ2 df p LR χ2 df p LR χ2 df p LR χ2 df p

Chamber Size 0.002 1 0.966 11.747 1 0.001 4.020 1 0.044 8.564 1 0.003

Number of Males 3.512 1 0.061 25.330 1 4.8x10-7 5.521 1 0.018 3.007 1 0.083

Size x Number 4.144 1 0.042 2.043 1 0.152 2.183 1 0.140 0.060 1 0.806

Methods
Fly population and culture protocol

Our experiment used Drosophila melanogaster flies from the large (~3500 adults/generation), outbred, wild-type population
“Ives” (hereafter “IV”) that was founded from a sample of 200 male and 200 female flies that collected near South Amherst,
MA (USA) in 1975, and have been cultured following a standardized protocol since 1980 (Rose 1984, Tennant et al. 2014).
Flies in this population are maintained on non-overlapping 14-day generations, and develop in sets of 25×95 mm vials, (VWR:
75813-160) each containing ~10mL of banana/agar/killed-yeast media as a light sprinkle of live yeast and are kept at 25°C,
60% relative humidity, and on a 12L:12D diurnal cycle. A standard density of 100 eggs/vial is established at the start of each
culture cycle.

Experimental Details

Adult male and female flies were collected as virgins (within 6 hours of their eclosion from pupae) from standard IV
population vials. Females were placed into individual vials, and males were haphazardly placed into vials by themselves (“one
male” treatment), or in same-sex pairs (“two male” treatment). Flies were left in these vials for ~40h in order to fully mature
prior to the start of the assay. The experiment began by transferring (without CO2 anesthesia) the female into the male vial. In
half of the vials the plug (Droso-Plugs, Genesee Scientific: 59-200) was pushed deep into each vial to create a mating area
approximately 2cm in height, 8.3cm3 in volume and with a inner surface area of 22.8cm2 (“small chamber” treatment), while
in the other half of the vials, the plug was only pushed down in the vial sufficiently to create a mating area approximately 6cm
in height, 24.9cm3 in volume and with a inner surface area of 51.6cm2 (“large chamber” treatment). For each of the 4
treatment combinations we created ~60 replicate vials. These vials were immediately mounted horizontally in a well-lit room
and we carefully observed the flies for the next 90 minutes. If a copulation was observed during this period, the time that the
event began and ended were both recorded to the closest second. From these observations the mating latency and mating
duration were calculated. While it was impossible for the observers to be blind to the differences in the vial configurations or
number of occupants, they were not told what the objective of the experiment was. Once the observation session was
complete, the vials were left undisturbed for 24 hr before the flies were removed, and the vials we placed in an incubator for
13 more days. At that time the number of eclosed adult flies in each vial were counted.

Statistical Analyses

All data analyses were conducted in the R statistical computing environment (version 4.0.3, R Core Team, 2020). We modelled
the temporal changes in state for the mating latency and mating duration data using parametric regressions using the survreg
function in the survival package (version 3.3-1, Therneau 2022, Therneau and Grambsch 2000). For the mating latency model,
flies that did not mate by the end of the observation session were assigned the maximum value of 5400s, and right censored. In
both models the the independent factors were the size of the chamber, the number of males present, and their interaction, and
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we selected the error distribution based on which yielded the lowest residual deviance (Crawley 2005). Consequently, we
chose a Weibull error distribution for the mating latency model and a gaussian error distribution for the mating duration model.
Both the frequencies of mating and the number of offspring were analyzed using General Linear Models (GLMs) where the
independent factors were the size of the chamber, the number of males present, and their interaction. For the mating rate GLM,
we used a binomial error distribution, while in the offspring GLM we employed a quasipoisson error as the data were over-
dispersed (Crawley 2005). We tested the significance of independent factors in all models using a likelihood-ratio Chi-square
test using the Anova function in the car package (version 3.0-12, Fox and Weisberg 2019). We estimated the marginal mean
values (and 95%Cs) for different treatment using the emmeans function in the emmeans package (version 1.7.1, Lenth 2022).
We also quantified the magnitude of the difference between groups of flies in different treatments with the Cliff’s delta effect
size statistic using the cliff.delta function in the effsize package (0.8.1, Torchiano 2020).

Reagents
Drosophila melanogaster from the “Ives”/“IV” population.
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