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Abstract 
Decisions where an individual lays their eggs are important, as the choice may affect their 

offspring’s survival and lifetime reproductive success. Information produced by conspecif-

ics can potentially be useful in making decisions as this “social information” may pro-

vide an energetically cheaper means of assessing oviposition site suitability rather than 

acquiring it personally. However, as not all public information may be equally beneficial, 

cues produced by kin may be especially valuable as they might signal suitable microen-

vironments, and are associated with other fitness advantages resulting from improved 

foraging success and/or a decreased risk of competition/cannibalism compared to sites 

where unrelated conspecifics are located. Using the fruit fly, Drosophila melanogaster, we 

explored whether public information use is associated with kin-based egg-laying decisions. 

Kinship is potentially recognized in several ways, including environmentally-associated 

proxy cues, so we explored whether there were biases in how focal females interacted 

with cues from conspecifics that differed in both genetic relatedness, and environmental 

“familiarity.” In a series of inter-connected assays, we examined the behaviour of focal 

females that interacted with a choice of potential egg-laying substrates that differed in 

the manner of their prior conspecific exposure, and counted the offspring that eclosed 

from these different substrates. Sites that had exhibited cues produced by conspecific 

demonstrators were visited more, and yielded more focal offspring compared to unex-

posed substrates. Furthermore, patterns of bias in offspring production were consistent 

with ovipositing females exhibiting sensitivity to the kinship status of the prior substrate’s 

occupants. The basis of the kinship categorization by ovipositing females appears to be 

based on phenotypes that reflect true genetic relatedness, but the nature of the social 

information can be affected by other factors. These results further highlight the potential 

usefulness of D. melanogaster as a model to understand the evolution of social behaviour 

in the expression of decision-making.
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Introduction
In species where there is little-to-no post-natal parental care, decisions about where and when 
an individual should lay their eggs are likely very important, as there are potentially dire 
fitness outcomes for one’s offspring if unsuitable oviposition sites are chosen [1,2,3]. In order 
to make better decisions, using cues produced by conspecifics (aka “social information” sensu 
[4]) may be of great value to the individual as they may provide meaningful information about 
potential egg-laying sites that can be obtained at a lower energetic cost than having to explore 
and evaluate alternate options oneself. Social information can be valuable in reducing an indi-
vidual’s uncertainty about their environment, and may help them locate areas that are rich in 
important resources such as food, shelter, desirable mates, increased foraging success, or are at 
a lower risk of predation/parasitism, any of which may benefit the mimicking individual and/
or their offspring [5,6,7]. Furthermore, the energy savings of using social information over 
private information can also be redirected into increased provisioning and/or production of 
offspring, thereby enhancing the benefits of its use in making decisions [8].

While fruit flies, Drosophila melanogaster, have a long and storied use as a model in studies 
of genetics, development, behaviour and evolution [9,10], they are also emerging as a powerful 
model in which to study social learning and the use of social information [11,12]. D. mela-
nogaster has been found to use the visual, gustatory, tactile, and olfactory cues produced by 
conspecifics in several different decision-making contexts. For instance, flies use social cues 
when engaged in spatial learning tasks to improve the speed that a “safe zone” is detected [13]. 
Virgin female flies that are exposed to deposits left by conspecific demonstrators exhibit lower 
post-mating egg-laying rates than unexposed females, presumably because they are better 
able to anticipate the forthcoming availability of oviposition sites and the potential degree of 
future larval competition [14]. Mate choice can involve social information use as female fruit 
flies are more likely to mate with males exhibiting similar phenotypic characteristics as a male 
they’ve observed successfully mating with another female [15–18]. While the robustness of 
this phenomenon is debatable [19] it may still be advantageous because mate choice is often 
costly to females [20], and copying the decisions made by conspecifics represents an econom-
ical adaptive strategy [16]. Important information about environmental conditions can also 
be obtained indirectly by flies interacting with conspecifics. In a study by Kacsoh et al. [21], 
female flies decreased their oviposition rate in response to exposure to parasitic wasps, and 
this defensive change in egg-laying behaviour was adopted by inexperienced flies housed with 
the wasp-exposed females, with the cues about environmental risk communicated visually 
using the demonstrator flies’ wings. Thus, while D. melanogaster has not historically been con-
sidered a “social” species [12], it is evident that fruit flies can, and do, use social information to 
inform many of their decisions.

One important context where social information seems to be used extensively by D. 
melanogaster females is in selecting suitable oviposition sites [5,8,22–25]. In the wild, there 
may be considerable heterogeneity in the availability and quality of oviposition sites that are 
available to female D. melanogaster [26,27], and the choice of oviposition environment can 
have profound consequences for their offspring’s fitness [28,29]. D. melanogaster females may 
gain insight on the suitability of oviposition sites through direct observation of other females 
ovipositing [5,22], the presence of larvae [8] and/or the presence of chemical cues produced 
by conspecifics [25,30–32]. The reliance upon social cues by ovipositing D. melanogaster is not 
without potential pitfalls. First, by outsourcing one’s information gathering to others, there 
is the risk of mimicking a conspecific’s bad decisions. For instance, in a study by Golden and 
Dukas [8] when female flies were given a choice of laying their eggs on a site where nutrition 
was poor but contained social cues (the presence of larvae) or a site where the media con-
tained 3 times more nutrition but lacked conspecific cues, the ovipositing females treated 
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them as being of equal quality, even though any offspring laid on the former patches did not 
have access to sufficient nutrients to survive. Similarly, Duménil et al. [32] observed that the 
presence of a mated female demonstrator on yeast-free media made this otherwise undesir-
able oviposition site equally-valued to later ovipositing females as yeasted media that has not 
been exposed to conspecifics. In D. melanogaster, the widespread use of social information 
may arise because there can be significant benefits of laying one’s eggs at sites already chosen 
by conspecifics, as offspring growth and development may be enhanced through communal 
digestion via secreted enzymes [33,34], through increased local beneficial microbial activity 
[35–37] and/or via improved larval group foraging [38–40]. However, laying one’s eggs near 
those of conspecifics can also pose risks arising from the competition for limited resources 
[8,41,42], increased exposure to toxic waste products [43], and the threat of cannibalism at 
many developmental stages [44–46]. Crucially, some of these dangers may potentially be 
mediated if females are able to oviposit at sites containing kin, as D. melanogaster larvae are 
more co-operative [39], and less cannibalistic [47,48] towards close relatives, compared to 
how they engage with unrelated conspecifics. Additionally, as there can be extensive intra-
specific genetic variation D. melanogaster for nutritional preferences and dietary tolerances 
[49–51], preferentially laying eggs near those of close relatives may increase the likelihood of 
selecting the best micro-habitat for the success of one’s own offspring. Thus, if females are able 
to differentiate social information produced by kin from those generated by other demonstra-
tors, they might achieve greater fitness benefits (and avoid some of the risks) by selectively 
copying the choices made by relatives.

When considering the possibility that individuals might differentially use social cues 
produced by relatives versus non-relatives, one must also consider what (if any) cues could 
indicate kinship (or could be inferred to be reliable proxies of kinship). In D. melanogas-
ter such information could conceivably be perceived from cuticular hydrocarbons (CHCs) 
and/or gut bacteria left behind by conspecifics. CHCs are long-chain hydrocarbons that are 
synthesized in insect oenocyte cells and become part of the cuticle’s waxy coating, where they 
help prevent water loss, as well as also playing an important role in olfactory communication 
related to species recognition and mate choice decisions [25,52–56]. CHCs may provide accu-
rate information about kinship as there exists a substantial genetic variation underlying these 
phenotypic traits within D. melanogaster populations [56–58]. Recent work has revealed that 
female flies transfer their own CHCs (along with male-specific compounds acquired during 
mating) to their laid eggs [25], which could conceivably be used as signals of potential kinship 
by subsequent ovipositing females.

In addition to CHC cues, olfaction-based decisions may be influenced by signals associated 
with differences in an individual’s bacterial community [59,60]. While the D. melanogaster 
microbiome is relatively simple compared to other hosts [61], substantial variation exists 
between individuals/families from the same population in their microbial community com-
position [58,62]. Some of an individuals’ gut flora is acquired from the microbial symbionts 
transferred by their mothers to the chorion of their eggs, which is subsequently consumed by 
the hatched offspring [63,64]. Thus, differences in cues produced by bacterial communities 
could conceivably (and independently of CHCs) be used to infer kinship [65,66]. An import-
ant, and potentially complicating factor, is that CHC phenotypes and/or microbiotic com-
munities in D. melanogaster can also be influenced by the flies’ developmental environment 
[30,58,59,65,67–69]. This raises the possibility that the phenomenon of “kin recognition” 
may be based on inherited cues of relatedness, on the recognition of similarity of environ-
mental histories (“familiarity”), or some combination of these two factors, and that further-
more under some circumstances that these cues might provide contradictory or unreliable 
information about kinship. In a previous study that examined whether kinship mediated the 
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magnitude and consequences of male-male competition in adult flies, it was found that reduc-
tions in male-induced harm were only seen in groups of males that were both closely related 
to each other and ‘familiar’ by having developed in the same larval environment [70]. Lizé 
et al. [65] described how a male fruit fly’s ability to strategically avoid mating with a sibling 
was impeded if they had both developed in the same environment. Similarly, Heys et al. [58] 
noted that the ability of fruit flies of both sexes to perceive the kinship status of their mate 
appeared to be dependent on the state of the mate’s microbiome – with females only acting 
differently towards kin when those individuals had developed in the same media type (and 
had an intact microbiota), while a male’s increased investment into mating with an unrelated 
female only occurred if she had been grown in a different environment (or whose microbiota 
had been disrupted with the use of antibiotics). The complicated nature of the interaction 
between developmental environment and relatedness was also explored by García‐Roa et al. 
[68] who found that flies developing in different environments exhibited both different CHC 
and microbial profiles, that related flies had microbiotic communities of similar diversity (but 
not composition), and that diversity was correlated with CHC phenotypic profiles. Together, 
these studies highlight that socially-available kinship cues (or proxies thereof) may involve 
a number of independent and inter-related olfactory signals, whose expression may depend 
not only on relatedness but also on the specific nature of the developmental environment. As 
such, any study – such as ours – that explores the potential role of kin recognition in decision 
making, must explore how individuals respond to cues produced by demonstrators in which 
relatedness and familiarity are independently manipulated.

With these ideas and findings in mind, in this study we set out to examine whether female 
flies showed bias in their use of social information cues left behind by conspecifics when 
selecting ovipositing sites, and would differ in their use of egg-laying substrates that had 
previously been in contact with either kin or non-kin demonstrator females. Simultaneously, 
we also explored whether a female’s response to potential kinship cues were conditional on 
the conspecifics’ “familiarity”, by concurrently manipulating the developmental environment 
from which the demonstrator females were obtained. Overall, the goal of this research is to 
better characterize copying behavior in D. melanogaster and to gain better insight into the 
factors that influence these oviposition site decisions.

Materials and methods

Population protocols and fly maintenance
All fruit flies used in our assays were obtained from one of three associated laboratory D. 
melanogaster populations: Ives (hereafter “IV”), “IV-bw”, and “IV-bwD”. The IV popula-
tion was derived from a sample of mated females collected in 1975 from Amherst MA, USA 
sample population [71]. The IV-bw population was created by introgressing the brown-
eye recessive allele, bw1, into the genetic background of the IV population via 10 rounds of 
back-crossing, to create a competitor population that has > 99.9% of the IV genetic back-
ground [47]. The IV-bwD population was also created in the same fashion, by introducing the 
bwD allele (a dominant allele that also produces a brown-eyed phenotype) into an IV genetic 
background. The IV-bw and IV-bwD populations have been subject to periodic rounds of 
additional back-crossing to the IV population in an attempt to minimize their divergence 
from the base population, with the last session occurring approximately 50 generations prior 
to the start of this experiment. These three populations are each maintained at a census size of 
~ 3500 adults per generation, incubated at 25°C incubation temperature with 60% humidity 
on a 12L:12D hour diurnal light cycle [72]. Flies are maintained in standard Drosophila vials 
(95mm H x 28.5mm OD) containing 10mL of banana/agar/killed-yeast food, dusted with live 
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yeast [71,73]. Populations are cultured on a 14-day cycle, wherein every fortnight adult flies 
are removed from their natal vials, mixed en masse under light CO2 anaesthesia and distrib-
uted into vials containing new media for up to 18h, before being removed and the eggs laid 
are then trimmed by hand to a density of approximately 100 eggs per vial [72]. This study did 
not require approval from an ethics committee.

Experiment 1: Test of the effects of conspecific relatedness and 
developmental environment on focal female behaviour and offspring 
production decisions
In our first experiment, we collected adult male and female flies as virgins (within 8h of eclo-
sion from their pupae) from the IV population and housed them individually. We then cre-
ated an initial 50 fly “families” by randomly combining single pairs of males and females into 
“mini-egg” chambers (Kartell 733/4 polyethylene 20 mL sample vials; 74.5mm H x 24.8mm 
OD; Fig S1a) whose lid contained juice/agar media [74] and was used as a “dish” for ovipos-
iting. We left these chambers in the incubator for ~ 18h, before removing the adult flies and 
counting the number of eggs that had been laid overnight. We then evenly split each family’s 
eggs among 2 different vials each containing 10ml of media, and then added a sufficient num-
ber of similarly-aged eggs obtained from the IV-bw population so that each vial ultimately 
contained ~ 100 eggs apiece. We returned these pairs of vials to the incubator where they were 
allowed to develop for the next 9 days, at which point we began collecting virgin females for 
use in the experiment. For each pair of vials, we haphazardly designated one vial as the “focal” 
vial, from which we collected 3 virgin females: a IV female (“the focal female”), a second IV 
female (the focal female’s sister, raised in the same vial), and one brown-eyed IV-bw female 
(an unrelated “familiar” female, who had developed in the same vial as the focal female). 
From the other (“non-focal”) vial in the pair, we collected 2 virgin females: an IV female (the 
focal female’s sister, raised in a different “unfamiliar” developmental environment) and one 
brown-eyed IV-bw female (an unrelated female, raised in environment that was “unfamiliar” 
to the focal female). In this way we were able to obtain all possible combinations of demon-
strator females that differed in their genetic relatedness and their potential environmental 
familiarity. We kept these females individually for up to 48h in test-tubes containing media to 
further verify their virgin status (by the absence of any fertilized eggs). Next, we introduced 
two similarly-aged adult IV males into the focal female’s vial (so that all her offspring would 
express the wild-type red-eye phenotype). At the same time, we transferred all other females 
into their own mini-egg chambers whose dish lids contained standard banana media contain-
ing 3 IV-bwD males so that all offspring produced by demonstrators would express a brown-
eyed eye phenotype and to ensure that any male-specific compounds transferred to the dish 
surface would be consistent across all dishes [25,31]. Females and males were left overnight 
to ensure sufficient time for mating to occur, and for ovipositing to begin. On the following 
morning all non-focal flies were removed from the mini-egg chambers, and sets of four dishes 
were affixed using adhesive putty to the bottom of a larger chamber, (hereafter “arena”), 
which consisted of an inverted plastic box (KIS Omni box, 20.3 x 15.9 x 9.6 cm) modified 
by the addition of mesh vent holes to box’s outer edges (Fig S1b, [75]). A fifth dish (that had 
never been exposed to flies) was also placed in the arena before it was sealed shut, and the 
(lightly anesthetized) focal female was introduced via an access hole. Thus the five dishes 
inside each arena represent available oviposition sites for the focal female that potentially 
differ in their social information: The ‘related/same’ dish contains cues produced by a sister 
that developed in the same vial environment as the focal IV female; the ‘unrelated/same’ dish 
contains cues from an unrelated IV-bw female that developed in the same vial environment as 
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the focal IV female; the related/different’ dish contains cues produced by a sister that devel-
oped in a different vial environment than the focal IV female; the ‘unrelated/different’ dish 
contains cues from an unrelated IV-bw female that developed in a different vial environment 
as the focal IV female; and finally the ‘control/unexposed’ dish contains no social information, 
as it had no prior exposure to flies (Fig S1c). In total we established 36 replicate arenas, which 
were housed in a quiet, well-lit room. Arenas were haphazardly rotated when placed on the 
counter to randomize any potential directional room effects, and were left undisturbed for 20 
minutes following the introduction of the focal female. The arenas were then observed every 
20 min for ~ 4.5h (starting at 10:30am), and for 4h on the next day (beginning at 9:30am) for 
a total of 26 observation sessions. During each observation session, the arenas were watched 
for a 5s time period, allowing for the identification of which of the 5 dishes (if any) the focal 
IV female was located. The identity of the different treatment dishes were unknown to the 
observers. Once all observations were complete, we unsealed the arena, discarded the focal 
female, and transferred the media in each dish into vials containing 10m of media. These 
labelled vials were sealed and returned to the incubator for 2 weeks. At that time, all eclosed 
adults were removed, and their eye colours were tallied. Red-eyed flies were the offspring of 
the focal female, while brown eye-flies (wt + /bwD or bw1/bwD) were produced by one of the 
conspecific females. We used the number of eclosed adult offspring as a proxy for the egg 
number laid, in this and subsequent experiments, as in the IV population at moderate larval 
densities, there is very high egg-to-adult survivorship [40].

Experiment 2: Test of the effect of conspecific offspring abundance on focal 
female offspring production decisions
Based on the offspring production patterns observed in Experiment 1, we performed a series 
of complementary assays designed to test alternative hypotheses for the focal flies’ potential 
oviposition biases. Thus, in this experiment, we set out to examine whether the number of 
offspring produced by conspecifics on a substrate was associated with the number offspring 
subsequently produced on the same dish by a focal female. We began by collecting mated 
IV-bw female flies from the lab’s stock population and placed either 1, 2, or 0 individuals 
overnight into mini-egg chambers containing media in their dish lid. The next morning, one 
of each type of the dishes was affixed to the bottom of an arena (Fig S1d). Next, we added a 
single mated IV female to each of the 48 replicate arenas and left them undisturbed for 22h, 
before transferring the media in each dish to a vial containing 10ml of media. We returned 
those vials to the incubator and counted the number of wild-type and brown-eye offspring 
that had eclosed 12 days later.

Experiment 3: Test of offspring production and behavioural biases of focal 
females towards cues from flies originating from the IV versus the IV-bw 
populations
In our third experiment we explored the alternate hypothesis that the offspring production 
patterns observed in Experiment 1 might reflect preferences of the IV-originating focal female 
for substrates that had been in contact with any other IV flies (regardless of their degree of 
immediate genetic consanguinity) and/or the avoidance of substrates that had come into 
contact with any IV-bw flies. For this assay we set up replicate vials containing 5 mated IV and 
5 mated IV-bw females, that were allowed to oviposit for 18h before being discarded, and the 
number of eggs laid standardized to 100 apiece. These vials were placed in the incubator, and 
we collected a virgin red-eyed and a virgin brown-eyed female from each vial as they eclosed 
(thus both flies had experienced the same developmental environment). Each female was 
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then placed into their own mini egg chamber with 2 IV-bwD males overnight before being 
discarded, and the dish affixed to the inside of an arena, along with an unexposed/control dish 
(Fig S1e). An individual mated IV female obtained from the lab stock population was intro-
duced to each of the arenas, and her location in the arena was periodically observed every 20 
minutes over the course of 5h (for a total of 15 sessions). In total we established 72 replicate 
arenas, which were left undisturbed overnight, and the following morning media was removed 
from the dishes and transferred to vials containing 10ml of media. These vials were incubated 
for 12 days, and the number of offspring with different eye colours was recorded.

Experiment 4: Revisiting the effect of conspecific relatedness on offspring 
production and behavioural decisions
Based on the outcomes of our second and third experiments, we set about to directly compare 
the behaviour and offspring production of focal females towards substrates that had been 
exposed to their sibling or to an unrelated IV-derived female. As in experiment 1 we collected 
the focal female’s parents from the IV population, mated them, placed them into mini-egg 
chambers overnight, then counted and split their eggs amongst 2 vials, with additional 
similarly-aged IV-bw eggs added to bring the density to a total of 100 eggs apiece. From each 
of the pairs of vials we collected virgin females as they eclosed and kept them individually. 
One of the vials was arbitrarily designated as that which would yield the focal female (who was 
collected as a virgin, then housed with 2 IV males from the stock population overnight), and 
virgin IV female from the other vial (i.e., the focal female’s sister raised in a different environ-
ment) was housed with 2 IV-bwD males overnight in a mini egg chamber. We also haphaz-
ardly chose one of the virgin IV females collected from one of the other sets of vials (thus an 
unrelated female, raised in a different environment) and housed her with 2 IV-bwD males 
overnight in a mini egg chamber. These dishes (along with a control/unexposed dish) were 
placed into an arena (Fig S1f), into which we added the mated focal females. In each of the 84 
replicate arenas, the location of the focal female was periodically observed every 20 minutes 
over the course of 5h (for a total of 15 sessions). Next, the chamber was left undisturbed 
overnight and the following morning, we transferred the media from each dish into a new vial 
containing 10ml of media which were incubated for an additional 12 days. The eye colour of 
all adult flies present in these vials were tallied and recorded.

Statistical Analyses
All data analyses were conducted in the R statistical computing environment (version 4.0.3, 
[76]). In all of our experiments we compared the frequencies of visits by focal females to the 
five different lids in each arena. As these data were zero-inflated (determined using diagnostic 
functions in the DHARMa package [77] we constructed zero-inflated binomial mixed models 
using the glmmTMB function in the glmmTMB package [78] where the independent fixed 
factor was the dish treatment category, and the arena that contained them was included as a 
random effect. We determined whether the treatment means were significantly different from 
each other with likelihood-ratio chi-square tests using the Anova function in the car package 
[79], which was followed, if necessary, by post-hoc tests with Tukey method p-value adjust-
ments executed using the emmeans function in the emmeans package [80] to determine the 
specific location of differences between treatments. For experiment 1 we also used a two-way, 
zero-inflated glmmTMB model to determine if there was any difference in patch visitation 
that varied with relatedness and/or familiarity treatments, by using the same response data 
(excluding observations made on the control dish, as this treatment had – by definition – 
received no prior conspecific contact). The demonstrator female’s degree of kinship, their 
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environmental origin, and the interaction between these two factors were the independent 
fixed factors in this GLMM model, and arena was the random effect. The significance of these 
effects was determined using a likelihood-ratio chi-square test using the Anova function.

For all our experiments we (separately) analyzed the total number of red-eyed and brown-
eyed adults that successfully eclosed from the different lids in each arena using zero-inflated 
glmmTMB GLMMs, with poisson error distributions, where the independent fixed factor was 
the dish treatment category, and arena was the random effect. For each model we determined 
whether the treatment means were significantly different from each other using likelihood-
ratio chi-square tests implemented using the Anova function, and post-hoc tests were exe-
cuted, if necessary, using the emmeans function, with Tukey method p-value adjustments, to 
determine the specific location of differences between treatments. As above for experiment 1 
data, we also set out to determine if there was any difference in offspring number associated 
with relatedness and/or familiarity treatments, by excluding data collected from the control 
dish treatment, and analyzing the rest of the data set using a 2-way zero-inflated glmmTMB 
GLMM with poisson errors. The demonstrator female’s degree of kinship, their environmental 
origin, and the interaction between these two factors were the independent fixed factors in 
this model, and arena was included as a random effect. The significance of these effects was 
determined using a likelihood-ratio chi-square test using the Anova function, and, if neces-
sary, post-hoc tests were conducted using the emmeans function, with Tukey method p-value 
adjustments, to determine the specific location of differences between treatments.

In experiment 2 we also compared the frequencies of dishes that yielded zero focal off-
spring using the chisq.test function to conduct a Pearson’s Chi-squared test, then examined the 
specific differences between cells in the contingency table using the chisq.posthoc.test function 
in the chisq.posthoc.test package [81].

Results

Experiment 1: Test of the effects of conspecific relatedness and 
developmental environment on focal female behaviour and offspring 
production decisions
In our first experiment, we compared the cumulative number of visits that D. melanogaster 
focal females made to five different dishes, as well as the number of offspring that eclosed as 
adults from each of those dishes. Our analysis found that those females exhibited heteroge-
neity in their dish associations (LRχ2 = 20.12, df = 4, p = 0.0005), and while they visited the 
control/unexposed dishes less frequently than the demonstrator dishes, within these four 
treatment groups, they did not express any significant bias (Fig S2). Offspring production 
patterns indicated that the females’ oviposition patterns were also heterogeneous (Fig 1a; 
LRχ2 = 123.92, df = 4, p = 7.77x10-26), with significantly more red-eyed focal offspring eclosing 
from those dishes that had previously been in contact with a related demonstrator individual 
than from either the control/unexposed dish or either of the dishes whose prior occupant 
was an unrelated individual, and the greatest number of offspring eclosing from those dishes 
that had been exposed to a related conspecific, raised in a different vial. Our focused two-
way GLMM confirmed that the amount of oviposition activity on a dish was significantly 
associated with the demonstrator’s kinship (LRχ2 = 84.01, df = 1, p = 4.91x10-20) with more 
offspring eclosing from ‘related’ dishes (x̄ = 4.97; 95% CI: 3.57, 6.92) than ‘unrelated’ dishes 
(x̄ = 0.19; 95% CI: 0.08, 0.42), there was a small but significant effect of developmental envi-
ronment (LRχ2 = 9.38, df = 1, p = 0.0021), with slightly more offspring eclosing from ‘different’ 
dishes (x̄ = 1.08; 95% CI: 0.57, 1.84) than ‘same’ dishes (x̄ = 0.93; 95% CI: 0.52, 1.67), while 
the interaction between kinship and developmental environment was not significant (LRχ2 
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= 1.20, df = 1, p = 0.27). We also noted that the number of demonstrator offspring were not 
homogeneous across the four treatment groups (Fig 1b), with more brown-eyed offspring 
eclosing from dishes whose prior occupant was a unrelated female (IV-bw, mated to a IV-bwD 
male; x̄ = 14.49; 95% CI: 13.03, 16.10) than those that had previously been exposed to a 
related female (IV, mated to a IV-bwD male; x̄ = 6.83; 95% CI: 5.95, 7.83; LRχ2 = 147.93, df = 1, 
p = 4.90x10-34), and fewer offspring eclosing from vials where the demonstrator originated 
from the same vial (x̄ = 8.55; 95% CI: 7.53, 9.71) than if they were collected from a different 
vial (x̄ = 11.57; 95% CI: 10.28, 13.02; LRχ2 = 30.83, df = 1, p = 2.82x10-8), yet there was no signif-
icant interaction between these two factors (LRχ2 = 0.001, df = 1, p = 0.975).

Experiment 2: Test of the effect of conspecific offspring abundance 
production on focal female offspring production decisions
In our second experiment, we set out to test the alternate hypothesis that the biased patterns 
of red-eyed offspring produced by our focal females was influenced by the abundance of 

Fig 1.  More focal female offspring produced on dishes where the prior occupant was a related female, while more 
conspecific offspring were produced on dishes where the female was unrelated. Boxplots illustrating data collected 
in from the 36 replicate arenas in the first experiment of a) the total number of wild-type (red-eyed) adult flies that 
eclosed from eggs laid by the focal D. melanogaster females on 5 different media dishes, b) the total number of brown-
eyed adult flies that eclosed from those same 5 media dishes, which had been laid by the prior conspecific occupants 
on the dish. 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. The results of Tukey HSD post-hoc tests compar-
ing group mean are indicated by letters, where groups that do not share the same letter are considered statistically 
different at the α=0.05 level. The control/unexposed dishes by definition had not had any prior exposure to a female 
capable of producing brown-eyed offspring, and thus those dishes never yielded any offspring with that phenotype.

https://doi.org/10.1371/journal.pone.0320377.g001

https://doi.org/10.1371/journal.pone.0320377.g001
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brown-eyed conspecific offspring already present on the dishes. In this assay either zero, one 
or two demonstrator females were exposed to a dish prior to being offered as a potential ovi-
position site to a mated focal female. More demonstrators on a dish yielded more brown-eyed 
offspring: zero brown-eyed offspring eclosed from the control dishes, and two demonstrator 
females produced, on average more brown-eyed offspring (x̄ = 13.53; 95% CI: 11.2, 16.3) than 
a single demonstrator female (x̄ = 8.68; 95% CI: 7.0, 10.8; LRχ2 = 36.14, df = 1, p = 1.84x10-9; Fig 
2a). Despite the dramatic differences in the number of demonstrator offspring that eclosed 
between the three dishes, there was no significant difference in the number of red-eyed focal 
offspring that eclosed from the three dishes (LRχ2 = 1.99, df = 2, p = 0.371; Fig 2b). Further-
more, dishes that had been exposed to two demonstrator females were significantly less likely 
to yield zero focal female offspring (8/48) than those dishes that had been exposed to either 
one demonstrator female (25/48) or from control dishes (32/48;χ2 = 13.43, df = 2, p = 0.0012).

Experiment 3: Test of offspring production and behavioural biases of focal 
females towards cues from flies originating from the IV versus the IV-bw 
populations
In our third experiment, we set out to test the alternate hypothesis that the patterns of red-
eyed offspring produced by our focal females was influenced by the population of origin of the 
demonstrator females, and not their degree of kinship. This involved comparing the cumulative 
number of visits that D. melanogaster focal females made to three different dishes (a control/
unexposed dish, a dish where the demonstrator was an unrelated IV female, or a dish whose 
demonstrator was an unrelated IV-bw female), as well as the number of offspring that eclosed as 

Fig 2.  No evidence that focal female offspring production on dishes is inhibited by increased abundance of conspecific offspring. Boxplots illustrating the data 
collected from the 48 replicate arenas in the second experiment of a) the number of brown-eyed adult flies that eclosed from dishes that had been exposed to 0, 1 or 2 
conspecific females, b) the number of wild-type (red-eyed) adult flies that eclosed from the same dishes that had been laid by the focal female D. melanogaster. Boxplot 
components as in Figure 1. The results of Tukey HSD post-hoc tests comparing group mean are indicated by letters, where groups that do not share the same letter 
are considered statistically different at the α=0.05 level. The control/unexposed dishes by definition had not had any prior exposure to a female capable of producing 
brown-eyed offspring, and thus those dishes never yielded any offspring with that phenotype.

https://doi.org/10.1371/journal.pone.0320377.g002

https://doi.org/10.1371/journal.pone.0320377.g002
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adults from each of those dishes. Our analysis found that focal females exhibited heterogeneity 
in their dish associations (LRχ2 = 144.8, df = 2, p = 3.61 x10-32) with the control/unexposed dishes 
receiving significantly fewer visits (x̄ = 0.05; 95% CI: 0.03, 0.07), than either the dishes that had 
been exposed to the unrelated IV demonstrator (x̄ = 0.31; 95% CI: 0.25, 0.36) or the dishes that 
had been exposed to the unrelated IV-bw demonstrator (x̄ = 0.25; 95% CI: 0.21, 0.31), with no 
significant difference in visitation rates to the two demonstrator dishes (t = 21.96, df = 1, p = 0.07; 
Fig S3). The distribution of focal female offspring was also heterogenous across the three dish 
types (Fig 3b; LRχ2 = 139.27, df = 2, p = 5.72 x10-31). More focal female offspring eclosed from the 
unrelated IV dishes (x̄ = 8.84; 95% CI: 7.45, 10.49) than they from either the control/unexposed 
dishes (x̄ = 2.32; 95% CI: 1.49, 3.61), or the unrelated IV-bw dishes (x̄ = 3.09; 95% CI: 2.44, 3.91). 
The mean number of red-eyed offspring that were collected from the IV-bw dish was not sig-
nificantly different from the number collected from the control/unexposed dish (t = 1.31, df = 1, 
p = 0.39). We also noted that the number of eclosed demonstrator offspring were significantly 
different between dish types (Fig 3a; LRχ2 = 89.42, df = 1, p = 3.82 x10-20), with more brown-eyed 
offspring eclosing from vials whose prior occupant was an unrelated IV female (mated to a 
IV-bwD male; x̄ = 12.33; 95% CI: 10.83, 14.05) than those that that had previously been exposed 
to an unrelated IV-bw female (also mated to a IV-bwD male; x̄ = 6.53; 95% CI: 5.55, 7.69).

Experiment 4: Revisiting the effect of conspecific relatedness on offspring 
production and behavioural decisions
In our fourth experiment, we set out (again) to compare the patterns of dish visitation and off-
spring production by focal females on three different dishes (a control/unexposed dish, a dish 

Fig 3.  Focal female offspring production is higher on dishes where the unrelated demonstrator originates from the same (IV) population than a different 
(IV-bw) population. Boxplots illustrating data collected from the 72 replicate arenas in third experiment of a) the number of brown-eyed adult flies that eclosed 
from dishes that had been exposed to either an unrelated IV female (mated to a IV-bwD male), a unrelated IV-bw female (mated to a IV-bwD male), or neither b) the 
number of wild-type (red-eyed) adult flies that eclosed from the same dishes that had been laid by the focal female D. melanogaster. Boxplot components as in Figure 
1. The control/unexposed dishes by definition had not had any prior exposure to a female capable of producing brown-eyed offspring, and thus those dishes never 
yielded any offspring with that phenotype. The results of Tukey HSD post-hoc tests comparing group mean are indicated by letters, where groups that do not share 
the same letter are considered statistically different at the α=0.05 level.

https://doi.org/10.1371/journal.pone.0320377.g003

https://doi.org/10.1371/journal.pone.0320377.g003
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whose demonstrator was a related IV female, or a dish where the demonstrator was an unre-
lated IV female). The focal females exhibited bias on their dish visitation rates (Fig S4; LRχ2 
= 12.81, df = 2, p = 0.0017), as they were significantly fewer visitations to the control/unexposed 
dishes (x̄ = 0.05; 95% CI: 0.03, 0.07), than to related IV demonstrator dishes (x̄ = 0.08; 95% CI: 
0.06, 0.12) or to the unrelated IV dishes (x̄ = 0.11; 95% CI: 0.08, 0.14). There was no significant 
difference in visitation rates between the two demonstrator groups (t = 1.33, df = 1, p = 0.38). 
The distribution of focal female offspring was heterogenous across the three dish types (Fig 4; 
GLM: LRχ2 = 368.28, df = 2, p = 1.07x10-80). Significantly more focal female offspring eclosed 
from the related IV dishes (x̄ = 11.46; 95% CI: 9.96, 13.19) than from the unrelated IV dishes 
(x̄ = 7.47; 95% CI: 6.43, 8.68), and both demonstrator dishes yielded more focal female off-
spring than did the control/unexposed dishes (x̄ = 0.48; 95% CI: 0.33, 0.69). There was a small, 
but statistically significant difference in the number of demonstrator offspring eclosing from 
the related IV dishes (x̄ = 11.3; 95% CI: 10.32, 12.4) and from the unrelated IV dishes (x̄ = 10.1; 
95% CI: 9.14, 11.1), LRχ2 =  6.59, df = 1, p = 0.01; Fig S5).

Discussion
The decision where to oviposit can be very important, especially in those species where there 
is no post-laying parental care [28,29]. Fruit flies, Drosophila melanogaster, like many other 
species, use social information in their decision-making [11,12]. While there are benefits of 
laying one’s eggs in proximity to those of others, there are also risks – both of which might be 
mediated by the degree of kinship between conspecifics. In this study, we set out to examine 
the possibility that female flies might selectively use cues produced by close relatives, presum-
ably to increase their offspring’s chance of success. In doing so, we simultaneously explored 
the factors that might influence how flies might infer kinship, as well as investigate alternate 

Fig 4.  More focal female offspring produced on dishes where the prior (IV-originating) occupant was a related 
female. Boxplot illustrating data collected from the 84 replicate arenas in the fourth experiment of the number of 
wild-type (red-eyed) adult flies that had been laid by the focal female D. melanogaster that eclosed from dishes that 
had been exposed to either a related IV female (mated to a IV-bwD male), an unrelated IV female (mated to a IV-bwD 
male), or neither. Boxplot components as in Figure 1. The results of a Tukey HSD post-hoc test comparing group 
mean is indicated by letters, where groups that do not share the same letter are considered statistically different at the 
α=0.05 level.

https://doi.org/10.1371/journal.pone.0320377.g004

https://doi.org/10.1371/journal.pone.0320377.g004
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hypotheses about social information usage. Our assays confirm the extensive use of social cues 
by D. melanogaster females, and furthermore collectively suggest that they are capable of both 
kinship discrimination and distinguishing between conspecifics from different populations. 
These results add to the growing body of knowledge about the sophisticated social informa-
tion use by this model species [12].

In all assays focal females associated more with those substrates that had come into contact 
with conspecifics than with the unexposed/control dishes (Figs S2, S3 and S4), clearly illus-
trating the importance of social cues in their decision-making, and consistent with numerous 
previous studies [e.g., 22,24,32]. However, not all conspecific cues elicited the same responses. 
In the first assay, we compared the offspring production patterns of focal females on dishes 
exposed to a range of different demonstrators. By splitting sets of full sibling eggs between two 
different vials to develop, and collecting both adult relatives and non-relatives from each of 
the pairs of vials, we set out to test if and how D. melanogaster females might distinguish kin 
cues. We observed that dishes that had been in previous contact with a related demonstrator 
female yielded considerably more focal female offspring that those where the demonstrator 
was non-kin. Interestingly, dishes where the demonstrator came from the same vial as the 
focal vial produced fewer focal female offspring than those when the demonstrator had devel-
oped in the same vial, however the size of this difference was much smaller, and there was no 
significant interaction between demonstrator kinship and origin factors (Fig 1a). These results 
suggest that ovipositing females are selective in their use of social information, and favor 
cues produced by their relatives, while perceived environmental familiarity does not enhance 
oviposition site use. Determining the specific cues being used by focal females is beyond the 
scope of this study as there are numerous ways that social information may be obtained. 
When ovipositing, female fruit flies transfer gut bacteria, CHCs, and male-specific com-
pounds acquired during copulation to the surface of their eggs and the media [25,63,64]. The 
expression of these olfactory cues can be influenced by both an individual’s genotype and/or 
their developmental environment [30,58,59,65,67–69]. The pattern of significant differences 
associated with the developmental environment (Fig 1a) might suggest that “familiarity” – and 
the microbiotic cues that might indicate kinship – is either unimportant or misleading. How-
ever, it is important to note that both experiment vial environments were similar (same media 
and larval density, which may have reduced the potential for differences in cues to develop. A 
previous study found that D. melanogaster females were more likely to oviposit near eggs laid 
by other females whose developmental diet matched their own, regardless of their population 
of origin or the composition of the diet itself [24]. Thus, one should not necessarily conclude 
that our results indicate that inherited cues are the only way in which egg kinship was/can be 
recognized by the focal females in this species, and future studies exploring this idea across a 
range of divergent environments are likely to expand our understanding of how social infor-
mation is produced and interpreted in D. melanogaster.

While the observed pattern of focal female offspring production is consistent with kin-
associated biases, other processes could also have resulted in the differential outcomes, and 
so to validate or rule out these alternate hypotheses we conducted several complementary 
assays. We had been initially struck with the distinctive pattern of offspring production by the 
demonstrator females (Fig 1b), wherein there were more brown-eyed conspecific offspring 
collected from dishes where the demonstrator was unrelated than when the demonstrator was 
related. Perhaps our focal females weren’t deciding to lay their eggs on dishes that contained 
their kin’s offspring, but instead were avoiding dishes where there were already lots of eggs 
(and a heightened risk of competition and/or cannibalism)? We explored this possibility in 
our second assay, where focal females could choose between dishes with dramatically different 
number of demonstrator offspring (Fig 2a). If females were avoiding dishes where there were 
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too many conspecific eggs already present, we would expect to see more focal offspring eclos-
ing on the “one female” treatment than on the “two females” treatment. In fact, we observed 
no significant difference in focal female offspring production between the two groups (and 
if anything, there were fewer cases where we observed zero focal female offspring produced 
when there were more demonstrators; Fig 2b). Previous work by Golden and Dukas [8] found 
that female flies given a choice between a control and a demonstrator dish (which had been 
exposed to 5 or 20 larvae), did not appear to discriminate against the demonstrator dishes that 
possessed cues indicating greater competition during offspring development. Thus, we are 
fairly confident that the differences in focal female offspring production patterns observed in 
experiment 1 were not due to differences in the quantity of demonstrator cues present on a 
dish. As a side note, we suggest that the differences in the number of demonstrator offspring 
observed in that assay is a side effect of the way in which our demonstrator females were col-
lected (see Fig S6 caption for details).

The second alternate hypothesis we explored was that the biased pattern of oviposition 
made by the focal females in the first experiment on the two “related” dishes, was not due to 
the perceived kinship of the demonstrators, but instead was because those demonstrators orig-
inated from the same population (IV), and the demonstrators for the two “unrelated” dishes 
were from a different population (IV-bw). While IV and IV-bw are maintained following the 
same protocols, and IV-bw is periodically back-crossed to IV, perceptible differences in the 
cues present in these isolated populations (or their microbiotic communities) may have arisen 
via drift and/or selection. Thus, in our third experiment we compared the behaviour and off-
spring production of focal females exposed to (unrelated) IV or IV-bw demonstrator females. 
We found that focal females produced more offspring on the former dishes than they did on 
the latter (and virtually none on the control/unexposed dishes). This suggests that at least 
some of the patterns of offspring production seen in our first experiment may not necessarily 
be the result of recognition of kinship per se, but instead with other cue(s) that differ between 
the IV and IV-bw populations. Thus, based on the insights gained in our third assay, we set 
out to re-examine the social information use of D. melanogaster females in our fourth assay 
where females were given a choice of oviposition sites that either had no prior exposure (con-
trol), a demonstrator sister (raised in a different vial), or an unrelated demonstrator female 
(also from the IV population and raised in a different vial). We observed that focal females 
still biased their offspring towards the dishes that had previously been in contact with their 
sisters, albeit to a lesser extent than seen in experiment 1. This provides additional support to 
the hypothesis that female D. melanogaster are both capable of distinguishing between cues 
produced by kin and non-kin, and that these cues are used in their social decision-making. 
In doing so, they may be trying to obtain the potential benefits of developing in a group  
[33–38,73], while reducing the potential risks from conspecifics [38,47,48].

Collectively, our results illustrate the subtle and plastic nature of social information use by 
female D. melanogaster: Given a choice, a mated female D. melanogaster will be more likely to 
produce offspring on a dish that has previously been in contact with any conspecific, com-
pared to an socially unexposed surface, there will be more offspring production associated with 
substrates that have been in previous contact with an unrelated mated female from the same 
population than one exposed to a mated female from a different population, and that focal if a 
substrate has been exposed to a mated sister, that site will yield more focal offspring than if the 
demonstrator is an unrelated individual. At the same time, mated female D. melanogaster do 
not appear to show any bias in their egg production against dishes that differ in the number of 
conspecific eggs (and their associated biochemical cues) present. Together, these pattens illumi-
nate that D. melanogaster females are sensitive to differences in the cues produced by conspe-
cifics and add to the growing appreciation of social decision-making in this model species.
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Supporting information
S1 Figure.  Drawings illustrating a) the “mini-egg” chambers used to collect eggs and/or 
create media that exhibited social cues. b) an observation arena into which the focal ovipos-
iting female was introduced and monitored. At the bottom of the chamber the lids that exhib-
ited different kinds of social information were affixed. c) the arrangement of dishes in the first 
experiment. In this experiment there were four lids that exhibited social information and the 
‘control/unexposed’ dish that contained no social information (as it had no prior exposure to 
flies). d) the arrangement of the two dishes with social information and the control dish in the 
second experiment. e) the arrangement of the two dishes with social information and the con-
trol dish in the third experiment. f) the arrangement of the two dishes with social information 
and the control dish in the fourth experiment.
(PDF)

S2 Figure.  Focal females visited demonstrator-exposed dishes more frequently than to 
control/unexposed dishes. Boxplots illustrating the cumulative number of observations made 
across 26 sessions in the first experiment in which a focal female D.melanogaster was observed 
on the surface of one of 5 different media dishes present in the 36 replicate arenas. 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. 
The results of a Tukey HSD post-hoc test comparing group mean is indicated by letters, where 
groups that do not share the same letter are considered statistically different at the α=0.05 
level.
(PDF)

S3 Figure.  Focal females visited demonstrator-exposed dishes more frequently than to 
control/unexposed dishes. Boxplots illustrating the cumulative number of observations 
made across 26 sessions in the third experiment in which a focal female D. melanogaster was 
observed on the surface of one of 3 different media dishes present in the 72 replicate arenas 
that had previously been exposed to either an unrelated IV female (mated to a IV-bwD male), 
an unrelated IV-bw female (mated to a IV-bwD male), or neither. Boxplot components as in 
Figure S2. The results of a Tukey HSD post-hoc test comparing group mean is indicated by 
letters, where groups that do not share the same letter are considered statistically different at 
the α=0.05 level.
(PDF)

S4 Figure.  Focal females visited demonstrator-exposed dishes more frequently than to 
control/unexposed dishes. Boxplots illustrating the cumulative number of observations 
made across 26 sessions in the fourth experiment in which a focal female D. melanogaster was 
observed on the surface of one of 3 different media dishes present in the 84 replicate arenas 
that had previously been exposed to either a related IV female (mated to a IVbwD male), an 
unrelated IV female (mated to a IV-bwD male), or neither. Boxplot components as in Figure 
S2. The results of a Tukey HSD post-hoc test comparing group mean is indicated by letters, 
where groups that do not share the same letter are considered statistically different at the 
α=0.05 level.
(PDF)

S5 Figure.  Number of conspecific offspring collected from demonstrator-exposed dishes. 
Boxplots illustrating the number of brown-eyed adult flies that eclosed from dishes that had 
been exposed to either a related IV female (mated to a IV-bwD male), an unrelated IV female 
(mated to a IV-bwD male), or neither in the fourth experiment. There was a small (Cliff ’s 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320377.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320377.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320377.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320377.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320377.s005
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Delta effect size = 0.15) but statistically significant difference in the mean number of offspring 
collected from these dishes. Boxplot components as in Figure S2. The control/unexposed 
dishes my definition had not had any prior exposure to a female capable of producing brown-
eyed offspring, and thus those dishes never yielded any offspring with that phenotype.
(PDF)

S6 Figure.  Schematic diagram depicting hypothetical distribution of female D. melan-
ogaster eclosion times in a mixture of eggs collected at the same time from the IV and 
the IV-bw populations (where we assume are randomly sampled, and that both popu-
lations have identical distributions, means and variances). While both subset means are 
the same, as there is a greater number of IV-bw eggs in the vial than IV eggs, the larger 
sample size of the former will likely contain individuals exhibiting a wider range of phe-
notypes than the latter. The unanticipated consequence of this being that when sampling 
for virgin female flies, there is a greater probability of collecting a suitable IV-bw before 
encountering a suitable IV female. As body size is negatively correlated with eclosion 
time (Partridge et al. 1987), and positively correlated with female fecundity (Lefranc and 
Bundgaard 2000, Long et al. 2009), it is conceivable that the IV-bw and the IV females 
collected and used as demonstrators differed in their capacity to produce offspring, 
resulting in the conspecific patterns seen in Figure 1b and 3b. It is worth noting that in 
our fourth experiment, where only red-eyed females were collected from vials containing 
both IV and IV-bw eggs that there was only a small difference in the number of demon-
strator offspring that were collected (Figure S5), which is consistent with the hypothesis 
described above.
(PDF)

Author contributions
Conceptualization: Emily Rakosy, Tristan A.F. Long.
Data curation: Emily Rakosy, Tristan A.F. Long.
Formal analysis: Tristan A.F. Long.
Funding acquisition: Tristan A.F. Long.
Investigation: Emily Rakosy, Sanduni Talagala, Tristan A.F. Long.
Methodology: Emily Rakosy, Tristan A.F. Long.
Project administration: Emily Rakosy.
Resources: Tristan A.F. Long.
Supervision: Tristan A.F. Long.
Writing – original draft: Emily Rakosy, Tristan A.F. Long.
Writing – review & editing: Emily Rakosy, Sanduni Talagala, Tristan A.F. Long.

Acknowledgements
We would like to thank Simran Mann, Lukas Ghiglione, and Harleen Taneja of the #Dros-
Life Lab for their fly-pushing, behavioral observations and camaraderie. Natasha B. Gallo 
and three anonymous reviewers provided helpful feed-back and constructive comments. 
Ruby Lindsay and Michael Steeleworthy of the Wilfrid Laurier University Library are 
thanked for their help with data archiving. This work was conducted at Wilfrid Laurier 
University, which exists on the traditional territory of the Neutral, Anishnawbe, and 
Haudenosaunee peoples.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320377.s006


PLOS ONE | https://doi.org/10.1371/journal.pone.0320377  March 26, 2025 17 / 20

PLOS ONE Kinship and familiarity associated social information in mediating fruit fly oviposition decisions

References
	 1.	 Thorpe WH. The evolutionary significance of habitat selection. J Animal Ecol. 1945;14(2):67. https://

doi.org/10.2307/1385

	 2.	 Heard SB. Imperfect oviposition decisions by the pitcher plant mosquito (Wyeomyia smithii). Evol 
Ecol. 1994;8(5):493–502. https://doi.org/10.1007/bf01238254

	 3.	 Lihoreau M, Poissonnier L-A, Isabel G, Dussutour A. Drosophila females trade off good nutrition with 
high-quality oviposition sites when choosing foods. J Exp Biol. 2016;219(Pt 16):2514–24. https://doi.
org/10.1242/jeb.142257 PMID: 27284071

	 4.	 Valone TJ, Templeton JJ. Public information for the assessment of quality: a widespread social 
phenomenon. Philos Trans R Soc Lond B Biol Sci. 2002;357(1427):1549–57. https://doi.org/10.1098/
rstb.2002.1064 PMID: 12495512

	 5.	 Sarin S, Dukas R. Social learning about egg-laying substrates in fruitflies. Proc Biol Sci. 
2009;276(1677):4323–8. https://doi.org/10.1098/rspb.2009.1294 PMID: 19759037

	 6.	 Blanchet S, Clobert J, Danchin E. The role of public information in ecology and conservation: an 
emphasis on inadvertent social information. Ann N Y Acad Sci. 2010;1195:149–68. https://doi.
org/10.1111/j.1749-6632.2010.05477.x PMID: 20536822

	 7.	 Grüter C, Leadbeater E. Insights from insects about adaptive social information use. Trends Ecol Evol. 
2014;29(3):177–84. https://doi.org/10.1016/j.tree.2014.01.004 PMID: 24560544

	 8.	 Golden S, Dukas R. The value of patch-choice copying in fruit flies. PLoS One. 2014;9(11):e112381. 
https://doi.org/10.1371/journal.pone.0112381 PMID: 25375776

	 9.	 Weiner J. Time, love, memory: A great biologist and his quest for the origins of behavior. Vintage. 
2000.

	10.	 Brookes M., 2002. Fly: The unsung hero of twentieth-century science. Harper Collins.

	11.	 Leadbeater E. Social learning: what do Drosophila have to offer?. Curr Biol. 2009;19(9):R378-80. 
https://doi.org/10.1016/j.cub.2009.03.016 PMID: 19439263

	12.	 Chen M, Sokolowski MB. How social experience and environment impacts behavioural plasticity in 
Drosophila. Fly (Austin). 2022;16(1):68–84. https://doi.org/10.1080/19336934.2021.1989248 PMID: 
34852730

	13.	 Foucaud J, Philippe A-S, Moreno C, Mery F. A genetic polymorphism affecting reliance on per-
sonal versus public information in a spatial learning task in Drosophila melanogaster. Proc Biol Sci. 
2013;280(1760):20130588. https://doi.org/10.1098/rspb.2013.0588 PMID: 23576793

	14.	 Fowler EK, Leigh S, Rostant WG, Thomas A, Bretman A, Chapman T. Memory of social experi-
ence affects female fecundity via perception of fly deposits. BMC Biol. 2022;20(1):244. https://doi.
org/10.1186/s12915-022-01438-5 PMID: 36310170

	15.	 Mery F, Varela SAM, Danchin E, Blanchet S, Parejo D, Coolen I, et al. Public versus personal infor-
mation for mate copying in an invertebrate. Curr Biol. 2009;19(9):730–4. https://doi.org/10.1016/j.
cub.2009.02.064 PMID: 19361993

	16.	 Monier M, Nöbel S, Isabel G, Danchin E, Handling editor: David Bierbach. Effects of a sex ratio gradi-
ent on female mate-copying and choosiness in Drosophila melanogaster. Curr Zool. 2018;64(2):251–
8. https://doi.org/10.1093/cz/zoy014 PMID: 30402066

	17.	 Nöbel S, Danchin E, Isabel G. Mate-copying for a costly variant in Drosophila melanogaster females. 
Behav Ecol. 2018;29(5):1150–6. https://doi.org/10.1093/beheco/ary095

	18.	 Nöbel S, Monier M, Fargeot L, Lespagnol G, Danchin E, Isabel G. Female fruit flies copy the accep-
tance, but not the rejection, of a mate. Behav Ecol. 2022;33(5):1018–24. https://doi.org/10.1093/
beheco/arac071

	19.	 Belkina EG, Shiglik A, Sopilko NG, Lysenkov SN, Markov AV. Mate choice copying in Drosophila 
is probably less robust than previously suggested. Animal Behaviour. 2021;176:175–83. https://doi.
org/10.1016/j.anbehav.2021.04.007

	20.	 Reynolds JD, Gross MR. Costs and benefits of female mate choice: is there a lek paradox?. The 
American Naturalist. 1990;136(2):230–43. https://doi.org/10.1086/285093

	21.	 Kacsoh BZ, Bozler J, Ramaswami M, Bosco G. Social communication of predator-induced changes 
in Drosophila behavior and germ line physiology. Elife. 2015;4:e07423. https://doi.org/10.7554/
eLife.07423 PMID: 25970035

	22.	 Battesti M, Moreno C, Joly D, Mery F. Biased social transmission in Drosophila oviposition choice. 
Behav Ecol Sociobiol. 2014;69(1):83–7. https://doi.org/10.1007/s00265-014-1820-x

	23.	 Durisko Z, Anderson B, Dukas R. Adult fruit fly attraction to larvae biases experience and mediates 
social learning. J Exp Biol. 2014;217(Pt 7):1193–7. https://doi.org/10.1242/jeb.097683 PMID: 24311811

https://doi.org/10.2307/1385
https://doi.org/10.2307/1385
https://doi.org/10.1007/bf01238254
https://doi.org/10.1242/jeb.142257
https://doi.org/10.1242/jeb.142257
http://www.ncbi.nlm.nih.gov/pubmed/27284071
https://doi.org/10.1098/rstb.2002.1064
https://doi.org/10.1098/rstb.2002.1064
http://www.ncbi.nlm.nih.gov/pubmed/12495512
https://doi.org/10.1098/rspb.2009.1294
http://www.ncbi.nlm.nih.gov/pubmed/19759037
https://doi.org/10.1111/j.1749-6632.2010.05477.x
https://doi.org/10.1111/j.1749-6632.2010.05477.x
http://www.ncbi.nlm.nih.gov/pubmed/20536822
https://doi.org/10.1016/j.tree.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24560544
https://doi.org/10.1371/journal.pone.0112381
http://www.ncbi.nlm.nih.gov/pubmed/25375776
https://doi.org/10.1016/j.cub.2009.03.016
http://www.ncbi.nlm.nih.gov/pubmed/19439263
https://doi.org/10.1080/19336934.2021.1989248
http://www.ncbi.nlm.nih.gov/pubmed/34852730
https://doi.org/10.1098/rspb.2013.0588
http://www.ncbi.nlm.nih.gov/pubmed/23576793
https://doi.org/10.1186/s12915-022-01438-5
https://doi.org/10.1186/s12915-022-01438-5
http://www.ncbi.nlm.nih.gov/pubmed/36310170
https://doi.org/10.1016/j.cub.2009.02.064
https://doi.org/10.1016/j.cub.2009.02.064
http://www.ncbi.nlm.nih.gov/pubmed/19361993
https://doi.org/10.1093/cz/zoy014
http://www.ncbi.nlm.nih.gov/pubmed/30402066
https://doi.org/10.1093/beheco/ary095
https://doi.org/10.1093/beheco/arac071
https://doi.org/10.1093/beheco/arac071
https://doi.org/10.1016/j.anbehav.2021.04.007
https://doi.org/10.1016/j.anbehav.2021.04.007
https://doi.org/10.1086/285093
https://doi.org/10.7554/eLife.07423
https://doi.org/10.7554/eLife.07423
http://www.ncbi.nlm.nih.gov/pubmed/25970035
https://doi.org/10.1007/s00265-014-1820-x
https://doi.org/10.1242/jeb.097683
http://www.ncbi.nlm.nih.gov/pubmed/24311811


PLOS ONE | https://doi.org/10.1371/journal.pone.0320377  March 26, 2025 18 / 20

PLOS ONE Kinship and familiarity associated social information in mediating fruit fly oviposition decisions

	24.	 Malek HL, Long TAF. On the use of private versus social information in oviposition site choice deci-
sions by Drosophila melanogaster females. Behav Ecol. 2020;31(3):739–49. https://doi.org/10.1093/
beheco/araa021

	25.	 Moreira-Soto RD, Khallaf MA, Hansson BS, Knaden M. How conspecific and allospecific eggs 
and larvae drive oviposition preference in Drosophila. Chem Senses. 2024;49:bjae012. https://doi.
org/10.1093/chemse/bjae012 PMID: 38606759

	26.	 Reaume CJ, Sokolowski MB. The nature of Drosophila melanogaster. Curr Biol. 2006;16(16):R623-8. 
https://doi.org/10.1016/j.cub.2006.07.042 PMID: 16920605

	27.	 Markow TA. The secret lives of Drosophila flies. Elife. 2015;4e06793. https://doi.org/10.7554/
eLife.06793 PMID: 26041333

	28.	 Prasad NG, Shakarad M, Rajamani M, Joshi A. Interaction between the effects of maternal and larval 
levels of nutrition on pre-adult survival in Drosophila melanogaster. Evol Ecol Res. 2003;5(6):903–11.

	29.	 Klepsatel P, Knoblochová D, Girish TN, Dircksen H, Gáliková M. The influence of developmental diet 
on reproduction and metabolism in Drosophila. BMC Evolutionary Biology. 2020;20:1–15.

	30.	 Venu I, Durisko Z, Xu J, Dukas R. Social attraction mediated by fruit flies’ microbiome. J Exp Biol. 
2014;217(Pt 8):1346–52. https://doi.org/10.1242/jeb.099648 PMID: 24744425

	31.	 Lin C-C, Prokop-Prigge KA, Preti G, Potter CJ. Food odors trigger Drosophila males to deposit a 
pheromone that guides aggregation and female oviposition decisions. Elife. 2015;4:e08688. https://
doi.org/10.7554/eLife.08688 PMID: 26422512

	32.	 Duménil C, Woud D, Pinto F, Alkema JT, Jansen I, Van Der Geest AM, et al. Pheromonal cues depos-
ited by mated females convey social information about egg-laying sites in drosophila melanogaster. J 
Chem Ecol. 2016;42(3):259–69. https://doi.org/10.1007/s10886-016-0681-3 PMID: 26994611

	33.	 Gregg TG, McCrate A, Reveal G, Hall S, Rypstra AL. Insectivory and social digestion in Drosophila. 
Biochem Genet. 1990;28(3–4):197–207. https://doi.org/10.1007/BF00561337 PMID: 2383246

	34.	 Sakaguchi H, Suzuki MG. Drosophila melanogaster larvae control amylase secretion according to the 
hardness of food. Front Physiol. 2013;4:200. https://doi.org/10.3389/fphys.2013.00200 PMID: 23964241

	35.	 Gilbert DG. Dispersal of yeasts and bacteria by Drosophila in a temperate forest. Oecologia. 
1980;46(1):135–7. https://doi.org/10.1007/BF00346979 PMID: 28310639

	36.	 Wertheim B, Dicke M, Vet LEM. Behavioural plasticity in support of a benefit for aggregation phero-
mone use in Drosophila melanogaster. Entomologia Exp Applicata. 2002;103(1):61–71. https://doi.
org/10.1046/j.1570-7458.2002.00954.x

	37.	 Wertheim B, Marchais J, Vet LEM, Dicke M. Allee effect in larval resource exploitation in Drosophila: 
an interaction among density of adults, larvae, and micro‐organisms. Ecol Entomol. 2002;27(5):608–
17. https://doi.org/10.1046/j.1365-2311.2002.00449.x

	38.	 Dombrovski M, Poussard L, Moalem K, Kmecova L, Hogan N, Schott E, et al. Cooperative behavior 
emerges among Drosophila larvae. Curr Biol. 2017;27(18):2821-2826.e2. https://doi.org/10.1016/j.
cub.2017.07.054 PMID: 28918946

	39.	 Khodaei L, Long TAF. Kin recognition and co-operative foraging in Drosophila melanogaster larvae. J 
Evol Biol. 2019;32(12):1352–61. https://doi.org/10.1111/jeb.13531 PMID: 31454451

	40.	 Khodaei L, Newman T, Lum S, Ngo H, Maoloni M, Long TAF. On the expression of co-operative feed-
ing behaviour in 3rd instar Drosophila melanogaster larvae. bioRxiv. 2020:678631.

	41.	 De Jong G. A model of competition for food. I. frequency-dependent viabilities. The American Natural-
ist. 1976;110(976):1013–27. https://doi.org/10.1086/283124

	42.	 Joshi A, Knight CD, Mueller LD. Genetics of larval urea tolerance in Drosophila melanogaster. Hered-
ity. 1996;77(1):33–9. https://doi.org/10.1038/hdy.1996.105

	43.	 Borash DJ, Gibbs AG, Joshi A, Mueller LD. A genetic polymorphism maintained by natural selection in 
a temporally varying environment. Am Nat. 1998;151(2):148–56. https://doi.org/10.1086/286108 PMID: 
18811414

	44.	 Vijendravarma RK, Narasimha S, Kawecki TJ. Predatory cannibalism in Drosophila melanogaster 
larvae. Nat Commun. 2013;4:1789. https://doi.org/10.1038/ncomms2744 PMID: 23653201

	45.	 Ahmad M, Chaudhary SU, Afzal AJ, Tariq M. Starvation-induced dietary behaviour in Drosophila 
melanogaster larvae and adults. Sci Rep. 2015;5:14285. https://doi.org/10.1038/srep14285 PMID: 
26399327

	46.	 Yang D. Carnivory in the larvae of Drosophila melanogaster and other Drosophila species. Sci Rep. 
2018;8(1):15484. https://doi.org/10.1038/s41598-018-33906-w PMID: 30341324

	47.	 Khodaei L, Long TAF. Kin recognition and egg cannibalism by Drosophila melanogaster larvae. J 
Insect Behav. 2020;33(1):20–9. https://doi.org/10.1007/s10905-020-09742-0

https://doi.org/10.1093/beheco/araa021
https://doi.org/10.1093/beheco/araa021
https://doi.org/10.1093/chemse/bjae012
https://doi.org/10.1093/chemse/bjae012
http://www.ncbi.nlm.nih.gov/pubmed/38606759
https://doi.org/10.1016/j.cub.2006.07.042
http://www.ncbi.nlm.nih.gov/pubmed/16920605
https://doi.org/10.7554/eLife.06793
https://doi.org/10.7554/eLife.06793
http://www.ncbi.nlm.nih.gov/pubmed/26041333
https://doi.org/10.1242/jeb.099648
http://www.ncbi.nlm.nih.gov/pubmed/24744425
https://doi.org/10.7554/eLife.08688
https://doi.org/10.7554/eLife.08688
http://www.ncbi.nlm.nih.gov/pubmed/26422512
https://doi.org/10.1007/s10886-016-0681-3
http://www.ncbi.nlm.nih.gov/pubmed/26994611
https://doi.org/10.1007/BF00561337
http://www.ncbi.nlm.nih.gov/pubmed/2383246
https://doi.org/10.3389/fphys.2013.00200
http://www.ncbi.nlm.nih.gov/pubmed/23964241
https://doi.org/10.1007/BF00346979
http://www.ncbi.nlm.nih.gov/pubmed/28310639
https://doi.org/10.1046/j.1570-7458.2002.00954.x
https://doi.org/10.1046/j.1570-7458.2002.00954.x
https://doi.org/10.1046/j.1365-2311.2002.00449.x
https://doi.org/10.1016/j.cub.2017.07.054
https://doi.org/10.1016/j.cub.2017.07.054
http://www.ncbi.nlm.nih.gov/pubmed/28918946
https://doi.org/10.1111/jeb.13531
http://www.ncbi.nlm.nih.gov/pubmed/31454451
https://doi.org/10.1086/283124
https://doi.org/10.1038/hdy.1996.105
https://doi.org/10.1086/286108
http://www.ncbi.nlm.nih.gov/pubmed/18811414
https://doi.org/10.1038/ncomms2744
http://www.ncbi.nlm.nih.gov/pubmed/23653201
https://doi.org/10.1038/srep14285
http://www.ncbi.nlm.nih.gov/pubmed/26399327
https://doi.org/10.1038/s41598-018-33906-w
http://www.ncbi.nlm.nih.gov/pubmed/30341324
https://doi.org/10.1007/s10905-020-09742-0


PLOS ONE | https://doi.org/10.1371/journal.pone.0320377  March 26, 2025 19 / 20

PLOS ONE Kinship and familiarity associated social information in mediating fruit fly oviposition decisions

	48.	 Fisher AM, Le Page S, Manser A, Lewis DR, Holwell GI, Wigby S, et al. Relatedness modulates den-
sity‐dependent cannibalism rates in Drosophila. Functional Ecology. 2021;35(12):2707–16. https://doi.
org/10.1111/1365-2435.13913

	49.	 Toshima N, Hara C, Scholz C-J, Tanimura T. Genetic variation in food choice behaviour of 
amino acid-deprived Drosophila. J Insect Physiol. 2014;69:89–94. https://doi.org/10.1016/j.jins-
phys.2014.06.019 PMID: 25010547

	50.	 Havula E, Ghazanfar S, Lamichane N, Francis D, Hasygar K, Liu Y, et al. Genetic variation of macro-
nutrient tolerance in Drosophila melanogaster. Nat Commun. 2022;13(1):1637. https://doi.org/10.1038/
s41467-022-29183-x PMID: 35347148

	51.	 SINGER TL. Roles of hydrocarbons in the recognition systems of insects. Am Zool. 1998;38(2):394–
405. https://doi.org/10.1093/icb/38.2.394

	52.	 Ferveur J-F. Cuticular hydrocarbons: their evolution and roles in Drosophila pheromonal communica-
tion. Behav Genet. 2005;35(3):279–95. https://doi.org/10.1007/s10519-005-3220-5 PMID: 15864443

	53.	 Scott D, Shields A, Straker M, Dalrymple H, Dhillon PK, Harbinder S. Variation in the male phero-
mones and mating success of wild caught Drosophila melanogaster. PLoS One. 2011;6(8):e23645. 
https://doi.org/10.1371/journal.pone.0023645 PMID: 21858189

	54.	 Richard F-J, Hunt JH. Intracolony chemical communication in social insects. Insect Soc. 
2013;60(3):275–91. https://doi.org/10.1007/s00040-013-0306-6

	55.	 Chung H, Carroll SB. Wax, sex and the origin of species: dual roles of insect cuticular hydrocarbons 
in adaptation and mating. BioEssays. 2015;37(7):822–30.

	56.	 Foley B, Chenoweth SF, Nuzhdin SV, Blows MW. Natural genetic variation in cuticular hydrocarbon 
expression in male and female Drosophila melanogaster. Genetics. 2007;175(3):1465–77. https://doi.
org/10.1534/genetics.106.065771 PMID: 17194783

	57.	 Dembeck LM, Böröczky K, Huang W, Schal C, Anholt RRH, Mackay TFC. Genetic architecture of nat-
ural variation in cuticular hydrocarbon composition in Drosophila melanogaster. Elife. 2015;4:e09861. 
https://doi.org/10.7554/eLife.09861 PMID: 26568309

	58.	 Heys C, Lizé A, Colinet H, Price TAR, Prescott M, Ingleby F, et al. Evidence that the microbiota coun-
teracts male outbreeding strategy by inhibiting sexual signaling in females. Front Ecol Evol. 2018;6. 
https://doi.org/10.3389/fevo.2018.00029

	59.	 Sharon G, Segal D, Ringo JM, Hefetz A, Zilber-Rosenberg I, Rosenberg E. Commensal bac-
teria play a role in mating preference of Drosophila melanogaster. Proc Natl Acad Sci U S A. 
2010;107(46):20051–6. https://doi.org/10.1073/pnas.1009906107 PMID: 21041648

	60.	 Najarro MA, Sumethasorn M, Lamoureux A, Turner TL. Choosing mates based on the diet of 
your ancestors: replication of non-genetic assortative mating in Drosophila melanogaster. PeerJ. 
2015;3:e1173. https://doi.org/10.7717/peerj.1173 PMID: 26339551

	61.	 Broderick NA, Lemaitre B. Gut-associated microbes of Drosophila melanogaster. Gut Microbes. 
2012;3(4):307–21. https://doi.org/10.4161/gmic.19896 PMID: 22572876

	62.	 Wang Y, Staubach F. Individual variation of natural D.melanogaster-associated bacterial communities. 
FEMS Microbiol Lett. 2018;365(6):10.1093/femsle/fny017. https://doi.org/10.1093/femsle/fny017 PMID: 
29385453

	63.	 Bakula M. The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster. 
J Invertebr Pathol. 1969;14(3):365–74. https://doi.org/10.1016/0022-2011(69)90163-3 PMID: 4904970

	64.	 Guilhot R, Xuéreb A, Lagmairi A, Olazcuaga L, Fellous S. Microbiota acquisition and transmission in 
Drosophila flies. iScience. 2023;26(9).

	65.	 Lizé A, McKay R, Lewis Z. Kin recognition in Drosophila: the importance of ecology and gut microbi-
ota. ISME J. 2014;8(2):469–77. https://doi.org/10.1038/ismej.2013.157 PMID: 24030598

	66.	 Lewis Z, Heys C, Prescott M, Lizé A. You are what you eat: gut microbiota determines kin recognition 
in Drosophila. Gut Microbes. 2014;5(4):541–3. https://doi.org/10.4161/gmic.29153 PMID: 24922547

	67.	 Fedina TY, Kuo T-H, Dreisewerd K, Dierick HA, Yew JY, Pletcher SD. Dietary effects on cuticular 
hydrocarbons and sexual attractiveness in Drosophila. PLoS One. 2012;7(12):e49799. https://doi.
org/10.1371/journal.pone.0049799 PMID: 23227150

	68.	 García‐Roa R, Domínguez‐Santos R, Pérez‐Brocal V, Moya A, Latorre A, Carazo P. Kin recognition in 
Drosophila: rearing environment and relatedness can modulate gut microbiota and cuticular hydrocar-
bon odour profiles. Oikos. 2022;2022(4):e08755. https://doi.org/10.1111/oik.08755

	69	 Pavković-Lučić S, Trajković J, Miličić D, Anđelković B, Lučić L, Savić T, et al. “Scent of a fruit fly”: Cutic-
ular chemoprofiles after mating in differently fed Drosophila melanogaster (Diptera: Drosophilidae) 
strains. Arch Insect Biochem Physiol. 2022;109(3):e21866. https://doi.org/10.1002/arch.21866 PMID: 
35020218

https://doi.org/10.1111/1365-2435.13913
https://doi.org/10.1111/1365-2435.13913
https://doi.org/10.1016/j.jinsphys.2014.06.019
https://doi.org/10.1016/j.jinsphys.2014.06.019
http://www.ncbi.nlm.nih.gov/pubmed/25010547
https://doi.org/10.1038/s41467-022-29183-x
https://doi.org/10.1038/s41467-022-29183-x
http://www.ncbi.nlm.nih.gov/pubmed/35347148
https://doi.org/10.1093/icb/38.2.394
https://doi.org/10.1007/s10519-005-3220-5
http://www.ncbi.nlm.nih.gov/pubmed/15864443
https://doi.org/10.1371/journal.pone.0023645
http://www.ncbi.nlm.nih.gov/pubmed/21858189
https://doi.org/10.1007/s00040-013-0306-6
https://doi.org/10.1534/genetics.106.065771
https://doi.org/10.1534/genetics.106.065771
http://www.ncbi.nlm.nih.gov/pubmed/17194783
https://doi.org/10.7554/eLife.09861
http://www.ncbi.nlm.nih.gov/pubmed/26568309
https://doi.org/10.3389/fevo.2018.00029
https://doi.org/10.1073/pnas.1009906107
http://www.ncbi.nlm.nih.gov/pubmed/21041648
https://doi.org/10.7717/peerj.1173
http://www.ncbi.nlm.nih.gov/pubmed/26339551
https://doi.org/10.4161/gmic.19896
http://www.ncbi.nlm.nih.gov/pubmed/22572876
https://doi.org/10.1093/femsle/fny017
http://www.ncbi.nlm.nih.gov/pubmed/29385453
https://doi.org/10.1016/0022-2011(69)90163-3
http://www.ncbi.nlm.nih.gov/pubmed/4904970
https://doi.org/10.1038/ismej.2013.157
http://www.ncbi.nlm.nih.gov/pubmed/24030598
https://doi.org/10.4161/gmic.29153
http://www.ncbi.nlm.nih.gov/pubmed/24922547
https://doi.org/10.1371/journal.pone.0049799
https://doi.org/10.1371/journal.pone.0049799
http://www.ncbi.nlm.nih.gov/pubmed/23227150
https://doi.org/10.1111/oik.08755
https://doi.org/10.1002/arch.21866
http://www.ncbi.nlm.nih.gov/pubmed/35020218


PLOS ONE | https://doi.org/10.1371/journal.pone.0320377  March 26, 2025 20 / 20

PLOS ONE Kinship and familiarity associated social information in mediating fruit fly oviposition decisions

	70.	 Le Page S, Sepil I, Flintham E, Pizzari T, Carazo P, Wigby S. Male relatedness and famil-
iarity are required to modulate male-induced harm to females in Drosophila. Proc Biol Sci. 
2017;284(1860):20170441. https://doi.org/10.1098/rspb.2017.0441 PMID: 28794215

	71.	 Rose MR. Laboratory evolution of postponed senescence in Drosophila melanogaster. Evolution. 
1984;38(5):1004–10. https://doi.org/10.1111/j.1558-5646.1984.tb00370.x PMID: 28555803

	72.	 Martin ES, Long TAF. Are flies kind to kin? The role of intra- and inter-sexual relatedness in mediating 
reproductive conflict. Proc Biol Sci. 2015;282(1821):20151991. https://doi.org/10.1098/rspb.2015.1991 
PMID: 26674954

	73.	 Shoot TT, Miller NY, Long TAF. Plasticity in expression of fruit fly larval feeding clusters in response 
to changes in food quality and distribution. Insect Soc. 2024;71(1):5–15. https://doi.org/10.1007/
s00040-024-00947-6

	74.	 Sullivan W, Ashburner M, & Hawley R. 2000. Drosophila protocols. Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory Press.

	75.	 Young Y, Buckiewicz N, Long TAF. Nutritional geometry and fitness consequences in Drosoph-
ila suzukii, the Spotted-Wing Drosophila. Ecol Evol. 2018;8(5):2842–51. https://doi.org/10.1002/
ece3.3849 PMID: 29531699

	76.	 R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria. URL http://www.R-project.org/

	77.	 Hartig F. 2022. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/ Mixed) Regression Mod-
els. R package version 0.4.5. https://CRAN.R-project.org/package=DHARMa

	78.	 Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. glmmTMB 
balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. 
The R Journal. 2017;9(2):378–400.

	79.	 Fox J, and Weisberg S, 2011. An {R} Companion to applied regression, 2nd edition. Thousand Oaks 
CA: Sage.

	80.	 Lenth RV, 2022. emmeans: Estimated Marginal Means, aka Least-Squares Means. R package ver-
sion 1.7.2. https://CRAN.R-project.org/package=emmeans

	81.	 Ebbert D, 2019. chisq.posthoc.test: A Post Hoc Analysis for Pearson’s Chi-Squared Test for Count 
Data. R package version 0.1.2. https://CRAN.R-project.org/package=chisq.posthoc.test

https://doi.org/10.1098/rspb.2017.0441
http://www.ncbi.nlm.nih.gov/pubmed/28794215
https://doi.org/10.1111/j.1558-5646.1984.tb00370.x
http://www.ncbi.nlm.nih.gov/pubmed/28555803
https://doi.org/10.1098/rspb.2015.1991
http://www.ncbi.nlm.nih.gov/pubmed/26674954
https://doi.org/10.1007/s00040-024-00947-6
https://doi.org/10.1007/s00040-024-00947-6
https://doi.org/10.1002/ece3.3849
https://doi.org/10.1002/ece3.3849
http://www.ncbi.nlm.nih.gov/pubmed/29531699
http://www.R-project.org/
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=chisq.posthoc.test
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

