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Abstract

Background The ability to respond plastically to environmental variation is a key determinant of fitness. Females
may use cues to strategically place their eggs, for example adjusting the number or location of eggs according

to whether other females are present and driving the dynamics of local competition or cooperation. The expres-

sion of plasticity in egg-laying patterns within individual patches (i.e. in contact clusters or not) represents an addi-
tional, under-researched, and potentially important opportunity for fitness gains. Clustered eggs might benefit

from increased protection or defence, and clustering could facilitate cooperative feeding. However, increased cluster-
ing is also expected to increase the risk of overexploitation through direct competition. These potential benefits

and costs likely covary with the number of individuals present; hence, egg-clustering behaviour within resource
patches should be socially responsive. We investigate this new topic using the fruit fly Drosophila melanogaster.

Results Our mathematical model, parameterised by data, verified that females cluster their eggs non-randomly

and increase clustering as group size increases. We also showed that as the density of adult females increased, females
laid more eggs, laid them faster, and laid more eggs in clusters. Females also preferred to place eggs within existing
clusters. Most egg clusters were of mixed maternity.

Conclusions Collectively, the results reveal that females express plasticity in egg clustering according to social envi-
ronment cues and prefer to lay in clusters of mixed maternity, despite the potential for increased competition. These
findings are consistent with egg-clustering plasticity being selected due to cooperative benefits.
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Background

In natural contexts, social environments and availability
of resources are highly variable, exposing populations to
fluctuating competition. In response, phenotypic plastic-
ity can play a key role in ensuring individuals maximise
their lifetime reproductive success [1, 2]. Because optimal
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with this, female aggregation and oviposition behaviours
of many species appear to be plastic in response to envi-
ronmental variation [9-12].

Plasticity in aggregation and egg laying — competition,
cooperation, and cheating among females

Oviposition choices by females may influence the oppor-
tunities for competition and cooperation between oft-
spring. When food is limited and competition is high,
eggs and larvae are vulnerable to cannibalism, whereas
larvae can benefit from increased efficiencies resulting
from communal feeding [13, 14]. Females can use the
presence of conspecifics as a cue to modify reproduc-
tive investment in response to changing social condi-
tions. For example, in the willow leaf beetle (Plagiodera
versicolora), increasing adult female density results in
a decrease in egg hatching but an increase in egg clutch
number and duration of laying period [15].

Females that deposit their eggs upon substrates can
often lay eggs in contact with each other, i.e. in clusters,
e.g. in fish [16], birds [17], reptiles, amphibians [18], and
invertebrates [19], which may further exacerbate compe-
tition or cooperation. Benefits from cooperation could
include reduced energy expenditure for ovipositing
females by minimising search times, reduced egg preda-
tion risk (the dilution effect hypothesis [20]), increased
protection from abiotic challenges, increased larval com-
munal feeding, or protection through antipredator or
antimicrobial defensive compounds [21-23].

These defensive substances represent potential public
goods [24, 25] as all nearby eggs could benefit, includ-
ing those not provisioned with defensive compounds. In
any public goods system, cheaters (individuals hoping
to gain shared benefits without the costs of contribut-
ing to the resource) and cooperators could stably coexist
within a population if the benefits of public goods have
a non-linear relationship with fitness [25, 26]. This raises
the intriguing possibility that in egg clusters of mixed
maternity, there could be cooperator eggs coated with
defensive compounds and undefended cheater eggs that
benefit from placement within the defensive diffusion
radius.

The potential fitness benefits of joining an existing
egg cluster within a food patch could also depend on
key factors such as number, quality, fertility, and age of
eggs already present. Based on existing evidence that
females can vary the number of eggs they lay according
to social density [9, 10, 27], we predict and test here in
the Drosophila melanogaster fruit fly model system the
idea that females use the number of eggs and/or number
of adult conspecifics as cues to direct their egg-clustering
patterns.

Page 2 of 14

Drosophila melanogaster as a model for understanding
plasticity in oviposition

In wild populations, D. melanogaster larvae and adults
periodically occur at high densities around fallen, fer-
menting fruit. For females, fruit is both a source of nutri-
tion and a potential oviposition site. In Drosophila and
other species in which fruit resources are patchy, ephem-
eral, and vary in nutrient availability (density, ripeness,
and state of decomposition), access to oviposition sites
is likely to be shaped by the immediate social environ-
ment (number of conspecific or heterospecific males and
females utilising the same resource) [28]. To oviposit in
a way that maximises fitness, females should assess and
respond appropriately to the nutritional quality, degree of
interspecific competition, risk of pathogens and parasites
present at each oviposition site, and the ongoing search
costs and potential benefits and costs for developing oft-
spring [21].

Consistent with this reasoning, previous research
shows that female Drosophila can show attraction
to conspecifics that are utilising specific oviposition
resources [22, 23], which they can detect directly or via
pheromones, markings, or the presence of eggs or lar-
vae [29-33]. Several studies show that gravid females
can aggregate to lay their eggs between substrate patches
used by others according to a variety of physical and
social environmental conditions [9, 34—36]. This attrac-
tion could arise because it allows females to copy the
site-selection choices of others [29, 30, 32] to enable
cooperative feeding among larvae [37] or to gain other
potential public goods benefits. Female Drosophila can
adjust the number of eggs they lay according to their
previous or current social environments, laying fewer
eggs after exposure to conspecifics before mating [9, 38]
but laying eggs more quickly if they are in larger social
groups after mating [27].

Drosophila eggs can often be found in extremely close
proximity, in large clusters (Additional file 1: Fig. S1).
Hence, after deciding to lay on substrates with existing
conspecific eggs, females must also decide whether to
lay eggs that join existing clusters. Females generally lay
one egg at a time [39], explore oviposition sites between
laying, and can retain eggs until an optimal laying site is
found [40]. Therefore, the clustering of eggs suggests that
females make repeated egg-laying decisions, and that
females lay their eggs in nonrandom distributions. It is
unknown whether the temporal or spatial distribution of
egg laying is significantly non-random, how egg-laying
location choices vary within a patch, or whether the fac-
tors influencing female egg-laying patterns differ within
patches. The pattern of egg laying within patches can be
examined by assessing egg-clustering patterns, which we
define as two or more eggs in direct contact (Fig. 1). Egg
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Fig. 1 Egg clustering is defined as eggs in direct contact. Eggs where the main bodies were in direct contact (left) were classified as clustered,
and those not in contact (or where respiratory appendages only overlap) were classified as singly laid (right)

clustering is expected to be important, as it offers females
the opportunity to optimise fitness by placing their eggs
in a manner that maximises benefits of cooperation and
the potential for public goods benefits (e.g. protection,
defence, or cooperative tunnelling) against potential costs
of competition (e.g. overexploitation of food). Clustering
by our definition also potentially enables further benefits
only transferred via eggs being in direct contact.

We tested these ideas by addressing the following three
hypotheses (H):

(1) That female D. melanogaster lay their eggs non-ran-
domly within a food patch in relation to other eggs.

(2) That changes to adult social density, and the pres-
ence of existing egg clusters, alter egg-clustering
patterns by individual females.

(3) That females lay eggs in clusters of mixed maternity
at a high frequency, cooperating with other gravid
females present.

Whilst studies have shown aggregation between
patches previously [9, 42-44], whether egg-laying pat-
terns within patches are non-random has not previously
been explored. Therefore, we first constructed a math-
ematical model, parameterised by experimental data, to
test the hypothesis that females exhibit nonrandom egg
placement (H1). We then conducted additional experi-
ments to determine key drivers of egg-laying patterns
observed. We examined whether egg-clustering patterns
responded plastically to adult female group size or to
the density of eggs already present in the local environ-
ment (H2). Potential advantages of site copying and egg
clustering [9, 13, 14, 20, 27, 30, 37, 41-45] could lead to
females increasing egg clustering in response to higher
densities of adult females and already-laid eggs in the
environment. Females could potentially maximise public
goods-related benefits under increased clustering by lay-
ing eggs alongside those of others. To establish whether

conditions for this scenario exist, we examined whether
females do indeed cluster eggs within patches with those
of conspecifics by using dyed eggs to distinguish eggs laid
by different females (H3).

Results
Egg-laying patterns were significantly non-random,
and clustering increased with increasing group size (H1
and H2)
Using our model, we explored whether oviposition dis-
tributions were significantly non-random, and how clus-
tering preferences varied with increasing group size, to
understand whether egg-laying location decisions were
plastic. Across the four social treatments, clustering
preferences (values of K that, based on the Kolmogorov—
Smirnov test, yielded no significant difference between
the simulated and observed distributions) were between
0.3 and 0.5, and clustering preferences increased with
increasing female group size (Additional file 1: Table S2).
For all social treatments with two or more females,
patterns of egg clustering in the empirical data were sig-
nificantly more clustered than those predicted by the
null model (H1; Wilcoxon signed-rank test compari-
sons with simulations using K=0; paired: z45= —2.29,
p=0.0220, r=0.866, N=7 vials; groups of four: z;=
—4.47, p=7.95><10_6, r=0.876, N=26 vials; groups of
eight: z(,;,=4.63, p=3.63x10"°, r=0.875, N=28 vials).
Therefore, egg-clustering patterns of all grouped females
followed a nonrandom distribution (Additional file 1:
Table S2, Fig. 2a, b, ¢, d, e), but those of solitary females
did not (z(z) =—-1.36, p=0.174, r=0.786, N=3 vials), sug-
gesting that their laying patterns were random. Although
we note that parameters were more difficult to esti-
mate for the solitary social treatment as clustering was
observed only infrequently under those conditions, only
3 out of the 30 vials could be included in this analysis due
to the low clustering rates observed by isolated females.
The findings support H1, indicating that eggs were laid in
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Fig. 2 Egg clustering is non-random and increases with increasing adult social density. a Comparison of the clustering proportion model outputs
and empirical egg laying patterns observed in D. melanogaster for four social group sizes (one, two, four, and eight adult females per group). The
average Kolmogorov-Smirnov P-values at K (clustering preference) values ranging from 0 to 1in 0.1 increments — where the null distribution

is K=0 (no eggs clustered) and K=1 (all eggs laid in one large cluster). The best-fit values of K are those that produced the least significant (highest
P value) difference between simulated and observed data—i.e. the peak of each curve. b, ¢, d, e The Kolmogorov-Smirnov P-values for individual
replicates in the four social group sizes (one, two, four, and eight adult females), with the values for each vial shown in the pale, thin lines

and the average value indicated with a bold line. The vertical grey dotted lines show clustering preference values

nonrandom patterns, which became more non-random
as social density increased. Therefore, egg-clustering pat-
terns were plastic and responsive to the female’s social
environment.

Egg-clustering patterns responded both to the density
of adult females and the presence of already-laid eggs

in the environment (H2)

(i) Females in larger social groups clustered their eggs more
and laid more eggs at a faster rate

Social group size and likelihood to lay eggs Using the
empirical data from the final timepoint (to allow all
females maximum laying opportunities) shown in Fig. 2a,
b, ¢, d, and e, we found that females in larger social group
sizes were significantly more likely to lay eggs (generalised
linear model (GLM): *=20.2, df=116, p=1.51x10""%).
Eggs were present in 100% of vials housing eight females,
a significantly higher proportion than for vials contain-
ing a solitary female (66.7%, GLM: y*=15.9, df="58,
p=6.76x10"") or those with two females (83.3%, GLM:
X*=7.39, df=58, p=0.00657). There were also signifi-
cantly more vials containing eggs from the four-female
treatment (96.7%) compared to the solitary female treat-
ment (GLM: y2=10.2, df=58, p=0.00140).

Social group size and number of eggs laid Females in
larger social group sizes also laid more eggs per female
than did the females from the other treatments (solitary
females: 7 £10 eggs per female (N=30 vials); pairs: 9+9

eggs per female (N'=30 vials); groups of four: 18+ 8 eggs
per female (V=30 vials); groups of eight: 19+ 5 eggs per
female (N=30 vials); GLM: F; ;4=265, p=2.93x107%;
Fig. 3a). Consistent with this, post hoc tests showed that
females in solitary and paired social densities laid fewer
eggs than females in groups of four and eight (GLM: all
p< <0.001). To control for the increased sampling effort
in treatments with larger groups of females, the analysis
was repeated with a randomised subset of data to make
the number of flies (rather than the number of vials) in
each treatment similar. The results of these analyses
were comparable with the main analysis (larger social
group sizes showed a significantly higher likelihood of
egg laying: GLM: x*=50.0, df="54, p=0.0271 and sig-
nificantly higher numbers of eggs laid: GLM: F; 5,=137,
=0.00427).

Social group size and proportion in clusters An analysis
of the data at the final timepoint (24-h post-mating) sup-
ported the clustering analysis described in the previous
section. At this timepoint, the first eggs laid after mating
would begin to hatch, altering potential benefits to clus-
tering and thus likely changing location decisions. Plus,
once eggs began to hatch, they would disrupt existing
clusters, so it was not possible to collect accurate location
decision data after this point. Females housed in larger
groups laid a higher proportion of their eggs in clus-
ters (solitary females: 22.6%+26.9% (N =20 vials); pairs:
38.1% +28.9% (N=25 vials); groups of four: 62.7% + 19.2%
(N=29 vials); groups of eight: 73.7%+13.3% (N=30
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Fig. 3 Females in larger groups laid more eggs, more quickly, with a higher proportion of clusters. a Females housed in groups of four and eight
were quicker to lay and laid more eggs per female than those kept in solitude or in pairs (GLM: all N=30 vials). Eggs laid per individual were
calculated by dividing the total number of observed eggs by the number of females in the vial. Social treatment means and standard errors are
shown for the four housing densities at each observation time point. The grey box indicates the period of dark (21:00-09:00 GMT). b Females
housed in groups of four or eight laid a higher proportion of their eggs in clusters compared to those kept in solitude or in pairs (LM: all N=30 vials).
Proportion of eggs clustered was calculated by summing all cluster sizes and dividing by the total number of eggs counted. ¢ There was no effect
of the proportion of egg clustering on egg-adult viability (linear regressions with 95% confidence intervals; solitary: N= 20 vials; paired: N= 24 vials;

groups of 4: N=29 vials; groups of 8: N=30 vials)

vials); total number of eggs laid included in the model:
linear model (LM): F3 99=28.4, p=2.53x107"%; all pair-
wise comparisons p <0.05; Fig. 3b). We included the total
number of eggs laid in the model as we found that there
was a positive relationship between the number of eggs
and the proportion of eggs clustered (LM: F; ¢3=6.66,
p=0.0113). This result is expected because as the num-
ber of eggs increases, so does the potential for egg clus-
tering, although this was not the only driver of social
density effects on clustering proportions as the statistical
results indicate.

Social group size and proportion in clusters over time In
all grouped female treatments, the proportion of cluster-
ing also increased over time (individual vial included in
the model as a random effect; linear mixed-effects mod-
els (LMEs): pairs: F; ;=19.1, p=5.26x10"7 groups
of four: F) 9;=75.8, p=9.99x107'% groups of eight: F;
111=74.7, p=4.45x10"1*). There was no significant effect
of time on the proportion of clusters in eggs laid by soli-
tary females (LME: F, ,,=1.15, p=0.289). Social group
sizes of two and four females displayed less clustering
than solitary females in the first 10-h post-mating; how-
ever, total egg numbers were low here due to slow laying
rates, and so potential opportunities for clustering may
have been limited. Further research is needed to clarify
whether this laying pattern is robust.

Social group size and number and size of clusters Con-
sistent with this, the number of clusters and size of the
largest cluster increased with both increasing social
density (LMs: number: F; 3,,=463, p=2.20x10'; size:
Fy 500=58.3, p=2.20x10"'% Figs. S3 and 4) and time
(number: F, 3,,=631, p=2.20x107'%; size: F| ,50=67.1,
p=7.62x1071°), These results were robust to differences
in sampling effort as shown by an additional analysis
using the same number of individuals (rather than vials)
at the final timepoint. The effects remained: females in
larger groups laid a higher proportion of their eggs in
clusters (LME: F; 4, =6.40, p=0.00117), and the number
and size of clusters still increased with increasing social
density (LMs: number: F; ;3,=199, p=2.20x10'; size:
Fy 10p=25.1,p=2.96x107").

Clustering and fitness effects Interestingly, there was
no evidence for a fitness benefit for clustered eggs in
terms of increased egg-adult survival (Fig. 3c). Here, a
positive relationship would show that clustering eggs
increased female fitness, and a negative relationship that
it decreased fitness. There was no effect of social den-
sity (one, two, four, or eight females) on the proportion
of eggs that survived to adulthood (GLM: F; ¢9=0.292,
p=0.831; Additional file 1: Fig. S5), and there was no cor-
relation between the proportion of eggs laid in clusters
and egg-adult offspring viability (t= —0.485, df=101,
p=0.629; Fig. 3¢).
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Overall, the results supported the hypothesis that the
egg-clustering behaviour of females within a food patch
responds plastically to the social environment, with
females laying eggs more quickly, laying more eggs, and
laying more eggs in clusters, as the social group size
increases. However, there was no indication that eggs laid
in clusters had higher egg-adult viability.

(ii) Females preferred to lay eggs within existing clusters
rather than with singly laid eggs

Given that females respond plastically to adult social
density, we predicted that the density of existing eggs in
the laying environment would also provide crucial social
information that altered female egg-laying location deci-
sions. As expected, female egg-clustering behaviour
showed plasticity in response to eggs already present in
the environment. For clarity, here we refer to the manip-
ulated treatment eggs present on the substrate before the
addition of female flies as existing eggs/clusters and eggs
laid by focal females as ‘new eggs’

Existing egg clusters and presence of new egg clus-
ters Females were more likely to add at least one of their
eggs to existing clusters of 4, 7, or 10 eggs than they were
to lay with a singly placed existing egg (GLM: y*=12.5,
df=156, p=4.18x107% Fig. 4a). The total proportion
of eggs laid that joined existing eggs were also higher

when existing eggs were clustered (LM: F; 5,=4.75,
p=0.00340; Fig. 4b). Proportions were calculated from
the number of eggs females were able to lay within the
30-min observation window (between 1 and 19 eggs
per vial). Post hoc tests showed that egg cluster sizes of
4 and 10 were joined significantly more often than were
single eggs (LMs: 4: F| ,,=13.0, p=5.85x10"% 10: Fy
25=8.76, p=0.00407), though this trend was marginally
non-significant for a cluster size of 7 (LM: F; ,5=3.82,
p=0.0542).

Existing egg clusters and distance of new eggs to exist-
ing eggs In addition to scoring whether a laid egg was
physically in contact with an existing egg (i.e. clustered),
we also measured the distance between each newly laid
egg and existing treatment eggs already present on the
substrate. We did this to test for potential benefits of
close proximity in addition to direct contact. Females
laid their eggs closer to existing clusters (H3; LM: F;
145=9.86, p="5.86x10"% Fig. 4c) with all three cluster
sizes having shorter inter-egg distances than eggs from
females exposed to single eggs (LMs: 4: F, ,=14.8,
p=2.68x10"%7: F| ,0=11.4, p=0.00122; 10: F, ,,=23.8,
p=6.57x10"°). Hence, laid eggs that did not strictly join
a cluster were still laid closer to existing clusters than to
single eggs. The results show that females also respond
plastically to the clustering patterns of eggs already pre-
sent in the environment and, consistent with the results
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above, lay their eggs preferentially within existing egg
clusters (H3).

Egg clusters were typically of mixed maternity (H3)

Having previously demonstrated that females prefer
clusters over singly laid eggs, in our final experiment,
we wanted to better understand the potential benefits
of clustering by exploring whether clusters tended to be
of single or mixed maternity. To do this, we used a lipo-
philic dye to enable us to distinguish between eggs laid by
different females [46]. We set up groups of four females
comprising one standard-fed focal wild type and three
Sudan Black B dye-fed non-focals. We found that of the
focal eggs that had been laid in clusters, a mean of 79.5%
of them were in mixed-maternity clusters (Fig. 5). This
showed that females do not preferentially choose to iso-
late their eggs by laying them solely in single-maternity
clusters but instead lay eggs in clusters of mixed mater-
nity at high frequency.
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Discussion

The main new findings of this study were that female egg-
clustering behaviour within patches responded plastically
to the social environment and the presence of exist-
ing eggs within the oviposition environment. All three
hypotheses were supported.

1) Egg-clustering patterns were significantly non-ran-
dom for females in groups, but not for eggs laid by
socially isolated females.

2) As the social group size of females increased, females
laid eggs more quickly, laid more eggs, and laid more
of them in clusters. However, there was no evidence
of a fitness benefit to clustered eggs in increased egg-
adult viability.

3) Clusters of eggs were usually of mixed maternity,
and females preferred to add their eggs to existing
clusters. Overall, females showed striking plastic-
ity in their egg-clustering decisions, with a strong
bias towards laying eggs in mixed-maternity clus-
ters. However, the fitness benefits of such behaviour
remain elusive. These results are explored in more
detail below.

Egg-clustering decisions are plastic and eggs are laid
in non-random patterns
For all females except those held in social isolation, egg
clustering occurred more than the chance outcomes
predicted by the model. This provides evidence that
females make active egg location decisions, and that
these responses are plastic and change in response to
varying social environments. Egg clustering shows that
females make repeated egg-laying decisions, as they gen-
erally explore potential laying sites between laying each
individual egg and can retain their eggs until they find
an optimal site [39, 40]. Exactly how female Drosophila
detect existing clusters of eggs has yet to be discovered.
However, there is evidence that Drosophila use chemical
cues to detect egg and larvae presence [30, 33, 47] and
olfaction to detect surrounding microbes [46, 48] when
assessing general laying sites, but how this strategy com-
pares to detecting local-scale clustering is unknown.
Understanding how females detect these clusters could
help to identify the benefits of these behaviours.
Increased clustering has the potential to increase local
population density within patches, which has potential
cumulative effects, as even relatively small-scale vari-
ation in density leading to increased competition can
have consequences for fitness [49]. For this reason, it
could be expected that females would take the opposite
approach: those in larger social group sizes could retain
eggs until they found a suitable oviposition site without
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competitors. However, this is not the case, as laying
rate increased in larger social group sizes. This could be
because test vials were at a low density compared to pop-
ulation cultures and were not overcrowded. The vials in
theory had the capacity to hold 5770 eggs, but the maxi-
mum number of eggs laid was 233 so all vials had space
remaining to cluster. A previous study showed no density
effects on body size or reproductive traits when up to
1000 larvae were reared on the same housing conditions
[50].

It is possible that clustering will occur more frequently
at the edge of a laying resource given their established
preference for this space [9, 44, 45]. However, it is not yet
known whether females held under the social conditions
used here show edge preferences for egg laying; hence, it
was not possible to include this in our model. Ongoing
research into edge effects is required to fully explore how
these interact with social effects.

Females cluster more of their eggs in larger groups

and more commonly form mixed-maternity clusters

The proportion of eggs that were laid in clusters
increased as social density increased. Although there
was a higher chance of clustering when there were more
eggs present in the environment (also see [46]), this
increase in clustering with increasing social density did
not depend upon egg number (in agreement with the null
model comparison).

It was not possible to determine the maternity of the
clusters in grouped treatments in the initial experiment,
but our later experiment showed that the clusters are
usually of mixed maternity. Females exposed to other
(non-kin) females preferred to add their eggs to mixed-
maternity clusters, and overall socially isolated females
cluster their eggs much less, which suggests that there
are potential benefits of laying in mixed-maternity clus-
ters over and above laying in clusters per se. The driv-
ers of this are not yet known; however, females could be
balancing a bet-hedging strategy of laying in multiple
sites to reduce risks of sibling competition (if food is lim-
ited) or to minimise predation/parasitism risk by reduc-
ing transmission and egg visibility [51] whilst adding to
existing clusters to reap potential public goods benefits
of acquiring more diverse microbiomes [52, 53] or diffus-
ible defensive compounds such as anticannibalism pher-
omones [43] or antimicrobials (as seen in medfly [41])
(see [46]). Mixed-maternity egg clustering could select
for cheating among females under a public goods system
[24, 25], a possibility that would be interesting to test fur-
ther. In this scenario, cheaters might benefit by avoiding
the energetic expense of provisioning eggs with defen-
sive compounds. Egg clustering might also provide ben-
efits as well as cheating opportunities through communal
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feeding. For example, if eggs are laid on hard substrates,
there could be benefits for all via the collective processing
of food whilst simultaneously allowing the possibility for
cheaters to benefit by utilising resources liberated by the
processing of food by their cluster mates.

Females in pairs and group sizes of four seemed to have
a lower clustering preference in the first 10-h post-mat-
ing. If this is a real phenomenon, this could be evidence
that females experience an adjustment period in chang-
ing social environments, and so clustering responses are
slower in groups. This effect could potentially be over-
come in increasingly larger groups — e.g. in the social
group size of eight females. A more detailed investigation
into laying rates and patterns would be required to fully
understand this.

Females preferred to lay their eggs in existing egg clusters
Females preferred to pile their eggs or lay them close to
existing clusters of any size. Interestingly, the strength
of this preference did not increase with increasing clus-
ter size. This could be because (i) there is no benefit to
increasing cluster size (i.e. benefits to joining clusters are
not additive), (ii) the clusters here did not vary sufficiently
in size, or (iii) there is some trade-off to the benefits of
clusters of these sizes. For example, eggs laid later may be
at a higher risk of cannibalisation [43, 54], and the risks
and costs might increase with cluster size. Costs of lay-
ing in mixed maternity clusters are also possible if being
surrounded by kin provides benefits via communal feed-
ing of larvae [13]. Exactly how individuals might iden-
tify maternity of egg clusters within patches, whether by
detecting conspecific pheromones [33, 55, 56]) or abso-
lute cluster size, remains to be investigated. The strong
aversion to lying next to isolated eggs raises the ques-
tion of how clusters are initiated in the first place. The
females’ choice to copy and lay new eggs by previously
laid eggs could require a threshold of a repeated decision
(i.e. at least two eggs at the same site) because this is a
more robust indicator of site quality than the presence of
a single egg. Females may avoid laying with existing single
eggs if those already present have a higher probability of
infertility, thus offering potentially fewer benefits. How-
ever, we found no relationship between cluster size and
egg-to-adult viability, which argues against this idea. In
addition, whether females can detect infertile eggs is not
known, although those laid by virgins have a distinct phe-
romonal profile [33]. One scenario is that clusters form
if the first two eggs are laid by the same mother. Argu-
ing against this idea is that clusters of two eggs laid by
different mothers were observed in our mixed-maternity
investigation. This suggests that further studies on clus-
tering initiation are required.
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Potential fitness benefits of egg clustering remain elusive
Interestingly, we detected no increase in egg-adult via-
bility with increasing egg clustering. It is not clear why
we did not observe fitness benefits, given the potential
costs of both maintaining plasticity [57, 58] and increas-
ing local competition [21, 43, 49, 51-54, 59]. It is possible
that as mothers were able to choose a clustering strategy,
all individuals chose the optimal strategy. To test this,
future work could force mothers into making an incor-
rect choice via a mismatch of environments. It is also
possible that the ad libitum food provided obscured any
costs of choosing the ‘wrong’ egg-laying strategy. Females
could lay many eggs even when resources are scarce
(adopting a raffle theory approach to ensure sufficient
offspring survive). However, given that the vials in our
experiments contained ad libitum food, resource limita-
tion is unlikely to be the cause of any responses observed
here. It was necessary to remove females from the egg-
laying environments before they had oviposited all fer-
tile eggs, as eggs needed to be counted prior to larvae
hatching, which takes place after 22-24 h at 25 °C [60,
61]. Thus, it is also possible that differences in egg-adult
viability could have been detected if females were able to
continue laying if the benefit only occurs in clusters of
mixed-age eggs.

Egg number and laying rate also increased as adult female

density increased

As expected, based on existing research [27], females in
larger social group sizes laid more eggs and laid them
more quickly. This is consistent with raffle theory, in
which the production of more eggs when competition
is high ensures that mothers have a greater chance of
at least some of their offspring surviving to adulthood
[62]. With a greater number of conspecifics present in
the environment, there should also be a higher chance
of copying behaviours arising, because a greater number
of potential ‘initiators’ are present [29, 30, 32]. Increased
copying could increase laying rates, benefitting mothers
as it may reduce sampling times needed to locate optimal
oviposition sites. Consistent with this, we observed that
latency to lay the first egg was also shorter at higher adult
densities. In situations in which larval density is high and
resources are limiting, later-laid eggs could have reduced
survival due to resource degradation and cannibalisa-
tion [27, 54, 59]. Thus, in high-density environments,
mothers should ensure they begin laying quickly to avoid
increased offspring lethality.

Previous research [27] showed that the daylight period
can inhibit egg laying in Drosophila, an effect that can be
overridden by being in a group (five females). Intrigu-
ingly, our results showed remarkably similar laying rates
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for isolated and paired females (whereas groups of four
or eight females matched laying times reported in [27]),
suggesting that exposure to only one other gravid female
does not counteract the previously described light-
induced inhibition of egg production. This is surprising
given that in male Drosophila, exposure to one other rival
is enough to facilitate reproductive behavioural responses
[63-65]. This may suggest that there are sex differences
in responses to local population density.

Conclusions

Overall, we demonstrated that gravid D. melanogaster
females express plasticity in egg-clustering decisions,
laying eggs in a significantly nonrandom manner and
responding to differences in social density. Exposure to
higher adult social density led females to lay more eggs,
at a faster rate — and lay a greater proportion of their
eggs in clusters. Exposure to existing egg clusters also
led to a higher frequency of clustering decisions, regard-
less of existing cluster size. We hypothesise that eggs may
be clustered to gain public goods benefits. However, the
overall ecological importance of this plasticity remains
unknown. These results demonstrate that egg-laying and
-clustering decisions are highly sophisticated and add
to the growing evidence that even non-social organisms
such as D. melanogaster have unexpectedly rich social
lives [66, 67].

Methods

Fly husbandry and rearing of experimental flies

Fly rearing and all experiments were conducted at 25 °C
on a 12-h light-dark cycle (09:00-21:00 GMT). Wild-
type flies originating from a large Dahomey laboratory
population maintained in cages with overlapping gen-
erations were used throughout. We collected eggs from
cages using Petri dishes (Sarstedt no. 82.1473.001) filled
with grape juice agar-based medium (50-g agar (Fisher
Scientific no. 10048991), 600-ml red grape juice (Young’s
Brew red wine enhancer), and 42-ml Nipagin solution
(methylparaben, 10% w/v solution, dissolved in 95% eth-
anol) per 1.1 I H,0). Once eggs had hatched, we trans-
ferred first instar larvae to a 40-ml plastic vial (Sarstedt
no. 58.490) containing 7 ml of a standard sugar-yeast-
agar (SYA) medium (100-g brewer’s yeast (Buy Whole-
foods Online), 50-g sugar (Tate & Lyle), 15-g agar, 30-ml
Nipagin solution, and 3-ml propionic acid (Fisher Sci-
entific no. 10193190) per litre of medium) at a standard
density of 100 larvae per vial (i.e. ‘standard density vials’).
Experimental flies were then collected under light ice
anaesthesia, within 6 h of eclosion to ensure virginity.
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Development of mathematical model of egg clustering to test
for nonrandom egg deposition (H1)

To ascertain whether the proportion of observed egg
clustering differed from a null expectation, we produced
a bespoke model to calculate random distributions
of eggs in the surface area of a standard vial used in all
experiments we present here. This model also incorpo-
rates the same sized adult female social groups as used
in our experiment. Further unique to this model, we
defined a ‘cluster’ as any group of two or more eggs in
which the main bodies of the eggs were in direct contact
(Fig. 1). In the model, given that the observed egg to dish
area is 1/5770, we assume that (i) there are 5770 positions
available for egg laying, and (ii) there is a total number
(parameter €) of eggs per vial. Assuming that all eggs
are laid sequentially and at random, we calculated the
expected size of clusters (defined as the number of eggs
per cluster) for any number of total eggs laid (€).

The preference for clustering eggs next to an existing
egg (hereafter ‘clustering preference’) is defined by the
probability of a clustering decision. K is the probability
that a fly will lay an egg next to an already existing egg.
After the first egg is placed at random, where £>1, the
next egg is either laid in a random position (probability of
K — 1) or next to an existing egg (probability of K); in the
latter case, the position of the egg is chosen at random
among only positions with existing eggs.

The expected number of eggs per cluster can be pre-
dicted based on K and & When K=0 (no preference for
egg clustering), very few clusters with two eggs occur and
virtually no clusters with more than two eggs (2.5% with
£=233 (the maximum number of eggs observed in our
experiment), 1% with £=100, no clusters for £ below 70).
Therefore, if €< <5770 (as is the case in our experiment),
randomly laid eggs form almost exclusively singly laid
eggs. When K=1 (absolute preference for egg cluster-
ing), all eggs are clustered in one large cluster in a single
position.

At intermediate values of K, some variation in cluster
size emerges. We simulated the expected number and
size of egg clusters for different values of K from 0 to 1
in intervals of 0.1 (using the average of 10 different simu-
lations per K value). We then compared these expected
distributions to the empirically observed distributions
of eggs laid by females from the differing social density
treatments (groups of one, two, four, or eight) described
below to estimate the most likely preference K leading
to that distribution. It is important to note that these
experimental vials were prepared carefully to ensure the
laying surface was smooth and contained no depressions
to cause any bias in oviposition site choice preferences.
For each vial, we performed a Kolmogorov—Smirnov test
(implemented in Mathematica 13. 1 [68]) between the
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expected and observed distribution for all K values. We
considered the K value yielding the highest (least signifi-
cant) P-values to be the most likely K value for that vial.

Testing for plasticity in egg-clustering behaviour in response
to varying egg and adult density (H2)

Effects of adult social density on egg-clustering decisions
and fitness We investigated how variation in adult
social group size affected egg-laying and egg-clustering
decisions: specifically, the speed of egg laying, the num-
ber of eggs laid, egg-clustering patterns, and fitness
(egg-adult viability of clustered versus non-clustered
eggs). Some data from this experiment were also used to
parameterise the model above. Experimental flies were
collected and housed in same-sex groups of 10 in stand-
ard vials. At 4-day post-eclosion, females were randomly
assigned to one of the following social group treatments:
one, two, four, or eight females and kept in these condi-
tions for 48 h (N=30 vials each treatment; Additional
file 1: Fig. S1). Males were held for 6 days until they were
used for matings.

At 6-day post-eclosion, males were introduced to all
the female social group size treatment vials for 2 h at a
density of 3:2 (males-females) (or 2:1 for isolated females)
to enable choice (Additional file 1: Fig. S1). To ensure that
this was a set up that would result in all females success-
fully mating within the 2-h period allowed, we provided
additional males to allow females a choice among males
and to guard against any individual males being sterile.
In addition, we separately recorded female mating fre-
quency in an identical experimental set up. In this, we
observed that 97.3% of females mated, with no signifi-
cant difference in mating frequency between treatments
(,\/2=1.79, df=3, p=0.617). Thus, we can assume that
there is only a very low probability of females remaining
unmated by using this procedure.

After the 2-h mating period in the main experiment,
we transferred all mated females to fresh standard vials
to observe egg-laying decisions. Every 2—3 h, we counted
the number of eggs laid, the number of egg clusters, and
the size of egg clusters. Observations were made at 14:00,
16:00, 19:00, and 22:00 on day 1 of laying and 10:00 and
12:00 on day 2 (i.e. 2, 4, 7, 10, 22, and 24 h after the end
of the mating period, respectively). Differences in counts
(number of eggs, number of clusters, and size of clusters)
between timepoints were calculated to give overall egg-
laying latencies, numbers, and clustering rates. We calcu-
lated the proportion of eggs in clusters at each timepoint
by summing the total number of eggs in each cluster
and dividing by the overall total number of eggs laid in
the vial. All females were removed after 12:00 on day 2,
and vials were then kept for 14 days to count the total
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number of eclosed adults from each of the social expo-
sure treatments.

Effects of existing egg clusters on female egg-clustering
decisions To assess whether the size of egg clusters
already present in an environment alters subsequent
female egg-clustering decisions, we presented focal
females with a laying environment that already contained
varying numbers of eggs and egg clusters. To create the
egg clusters, singly laid eggs were collected within 2 h of
laying from SYA medium-filled Petri dishes and trans-
ferred into vials to create four different egg cluster sizes:
1, 4, 7, and 10 eggs per cluster. Females have a tendency
to lay eggs at vial edges (supplementary information text;
Additional file 1: Table S1 [9, 44, 45]); hence, we simu-
lated this preference by placing all egg clusters at the
edge of the egg treatment vials.

To obtain the Dahomey females and males for the
experiment, we collected virgin flies from standard den-
sity vials. Prior to the tests, females were maintained
alone and males in groups of four per vial. At 7-day post-
eclosion, males and females were paired and observed
to ensure they had all successfully mated. After mating,
groups of 4 females were then transferred to each of the
4 types of egg cluster treatment vials (1 egg: N=20 vials;
4 eggs: N=17 vials; 7 eggs: N=20 vials; 10 eggs: N=21
vials). After the introduction of the focal females, vials
were checked at 30-min intervals to measure rates of ovi-
position from 13:00 until 21:30, at which point, if females
had not laid eggs, they were removed. If eggs were laid by
the introduced focal females, we counted the number of
eggs laid and categorised them in relation to the existing
egg cluster present (clustered or not clustered). All vials
were then frozen at— 20 °C for imaging.

Vials were imaged to record inter-egg distances, using
a video camera (Sony Handycam HDR-CX405). Using
Image]’s multiple point selector tool [69], we captured
x-y coordinates of each egg and converted these into
Euclidean pairwise distances. Selected coordinates were
taken from the edge points of eggs that were in closest
proximity, resulting in clustered eggs having a distance
value of zero.

Testing for mixed maternity of egg clusters (H3)

In the final experiment, we determined the extent of egg
clusters of single or mixed maternity. In each treatment
group, there was one wild type (Dahomey) focal and
three non-focal females from the scarlet strain (reces-
sive scarlet eye colour mutation backcrossed into the
Dahomey wild type>4 times). These non-focal scarlet
females were fed Sudan Black B dye that stained laid eggs,
allowing the eggs of focal versus non-focal females to be
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identified. This combination of strain and dye-feeding
enabled us to identify eggs and adult flies. First instar lar-
vae of Dahomey wild type and scarlet strains were raised
in cultures of 100 larvae per vial as described above. Focal
Dahomey females were collected from cultures reared
and maintained on standard medium, whereas scarlet
females were derived from cultures containing Sudan
Black B dye (100-g brewer’s yeast, 50-g sugar, 15-g agar,
30-ml Nipagin solution, 3-ml propionic acid, and 1.4-g
Sudan Black B powder (Sigma-Aldrich, cat. no. 199664)
dissolved in 14-ml corn oil (Mazola 100% pure corn oil)
per litre of medium). Focal Dahomey virgin females were
collected from the standard medium vials, and non-focal
scarlet virgin females were collected from Sudan Black
B vials and maintained on that same medium until use.
Females were initially housed in groups of 10; then, at
5 days post-eclosion, they were randomly assigned to
groups of 1 Dahomey female and 3 scarlet females per
standard SYA vial. In parallel, a second set of scarlet
females were housed in groups of four in Sudan Black
B vials. Therefore, there were two sets of scarlet females
— those used in the pre-mating social environment
and those used in the oviposition assay. This was nec-
essary to maintain the focal Dahomey female on stand-
ard undyed food (but still expose the focal fly to scarlet
conspecifics before mating) and the ovipositing scarlet
females on dyed food to maintain the intensity of the dye.
The scarlet females that were co-housed with Dahomey
females before mating were wing clipped for ease and
speed of identification without the use of a microscope.
Seven days post-eclosion, males were transferred into the
female vials for mating: eight Dahomey males were added
to each group of one Dahomey: three scarlet females and
six scarlet males for each group of four scarlet females.
The flies were given 4 h to mate. The Dahomey female
was then transferred to fresh standard media alongside
three randomly chosen scarlet dye-fed females at 12:00
GMT (N=29) (the three wing-clipped scarlet females
that had been co-housed with the focal female before
mating were discarded). We then counted the number
of eggs laid at 10.5-h post-mating. Eggs were catego-
rised as clustered or not clustered (Fig. 1) and according
to whether they were laid by a focal or non-focal female.
This allowed us to calculate the proportion of eggs that
were clustered and whether the cluster contained eggs
from both focal and non-focal females.

Statistical analysis

All statistical analyses were conducted using R v 4.2.2
[70], and mean values and standard deviations are
reported within the text. Graphs were produced using
packages ‘ggplot2; ‘cowplot; and ‘grid’ [71, 72], with plot-
ted standard errors calculated using ‘Rmisc’ [73].
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We analysed the effect of egg and adult social density
on the likelihood that females laid eggs and produced
adult offspring by using generalised linear models
(GLMs) with binomial errors. We used the package
‘AER’ [74] to test for overdispersion, and where that
was found, we used GLMs with a quasi-Poisson distri-
bution to account for this overdispersion and analyse
the effect of adult density on the number of offspring
produced. Linear models were used to investigate the
effect of adult density on egg-clustering patterns (egg-
laying and-clustering rates), and total eggs laid was
included as a fixed effect to account for increased likeli-
hood of clustering when more eggs are present in the
environment.

When analysing variables throughout multiple time-
points, we used linear mixed-effects models; the time-
point was included as a fixed effect in the model to
account for differences in rates, and the test vial was
included as a random effect — using functions in
packages ‘lme4’ [75] and ‘lmerTest’ [76]. We tested
for Pearson’s product-moment correlations between
the proportion of eggs laid in clusters and subsequent
egg-adult viability. In all cases, post hoc tests (mod-
els including only pairwise comparisons) were used to
identify significant differences in the six pairwise com-
parisons available.

In the first experiment investigating the effects of social
density, there was variation in sampling effort between
treatments, due to the differences in female group sizes
(and lack of identification of focal females). To account
for this, all significant results from the initial analyses
were reanalysed with a randomised subset of data so
that the number of individual flies (rather than number
of vials) per treatment was similar. In this reduced sub-
set, all vials from solitary females were included (N=30
females), half of those in pairs (N=30 females), eight of
those from groups of four (N=32 females), and four of
those from groups of eight (N=232 females). These analy-
ses were congruent with those of the initial analyses, sug-
gesting the initial analyses were robust.

The datasets generated and/or analysed during the cur-
rent study are openly available from the Environmental
Information Data Centre [77].

Abbreviations
H Hypothesis

K Clustering preference (described in the model)
3 Total theoretical eggs (described in the model)
LM Linear model

GLM  Generalised linear model

LME  Linear mixed-effects model
SYA  Standard sugar-yeast-agar medium
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Additional file 1: Supplementary text 1. Determination of effect of
natural egg placement and egg ‘edge effects’on subsequent egg laying
behaviour. Figure S1. Experimental set up for testing the effects of social
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latency to lay. Figure S3. Females in larger social groups laid significantly
larger clusters. Figure S4. Females in larger social groups laid significantly
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ment. Table S1. Edge effect egg laying location decisions were not over-
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Acknowledgements

We would like to thank Paul Candon and Kerri Armstrong for technical assis-
tance and all anonymous reviewers of this manuscript for their thoughtful and
constructive feedback, which greatly enhanced the quality of this manuscript.

Authors’ contributions

Conceptualisation: ER.C, EKF, LAF, MAA, DW.Y, AFGB, T.C, and AB.. Data
curation: ER.C, EKF, and LAF. Funding acquisition: EKF, MA, DW.Y, AFG.B,
T.C, and AB.. Investigation: ER.C, EKF, LAF, and M.A.. Methodology: ER.C,
EKF, LAF, and M.A.. Project administration: ER.C, EKF, LAF, T.C,and AB..
Resources: T.C. and A.B.. Software: E.R.C. and M.A.. Visualisation: E.R.C. and

M.A.. Writing — original draft: ER.C.. Writing — review and editing: ER.C,, EKF,
LAF, MA, DW.Y, AFGB,T.C, and AB. All authors gave final approval for
publication.

Funding
This study was funded by NERC (NE/T007133/1).

Data availability

The datasets generated and/or analysed during the current study are openly
available from the Environmental Information Data Centre [77] (https://doi.
0rg/10.5285/0854f2de-137f-472f-9c0c-9ae 1f69e7f19).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Authors’ social media handles

Bluesky:

Emily R. Churchill: @emilyrosech.bsky.social.
Amanda Bretman: @amandabretman.bsky.social.

Received: 10 February 2025 Accepted: 12 August 2025
Published online: 14 October 2025

References

1. West-Eberhard MJ. Phenotypic plasticity and the origins of diversity. Annu
Rev Ecol Evol Syst. 1989;20(1):249-78.

2. Komers PE. Behavioural plasticity in variable environments. Can J Zool.
1997;75(2):161-9.

3. Birkhead T, Maller A. Female control of paternity. Trends Ecol Evol.
1993;8(3):100-4.


https://doi.org/10.1186/s12915-025-02382-w
https://doi.org/10.1186/s12915-025-02382-w
https://doi.org/10.5285/0854f2de-137f-472f-9c0c-9ae1f69e7f19
https://doi.org/10.5285/0854f2de-137f-472f-9c0c-9ae1f69e7f19

Churchill et al. BMC Biology

20.

21

22.

23.

24.
25.

26.

27.

28.
29.

30.

(2025) 23:306

Rodriguez-Enriquez CL, Tadeo E, Rull J. Elucidating the function of
ejaculate expulsion and consumption after copulation by female Euxesta
bilimeki. Behav Ecol Sociobiol. 2013;67(6):937-46.

Ward PI. Females influence sperm storage and use in the yellow dung fly
Scathophaga stercoraria. Behav Ecol Sociobiol. 1993;32(5):313-9.

Elgar MA, Schneider JM, Herberstein ME. Female control of paternity

in the sexually cannibalistic spider Argiope keyserlingi. Proc Biol Sci.
2000;267(1460):2439-43.

Passera L, Aron S, Vargo EL, Keller L. Queen control of sex ratio in fire ants.
Sci. 2001;293(5533):1308.

Sato A, Karino K. Female control of offspring sex ratios based on male
attractiveness in the guppy. Ethol. 2010;116(6):524-34.

Churchill ER, Dytham C, Bridle JR, Thom MDF. Social and physical environ-
ment independently affect oviposition decisions in Drosophila. Behav
Ecol. 2021;32(6):1391-9.

Fowler EK, Leigh S, Rostant WG, Thomas A, Bretman A, Chapman T.
Memory of social experience affects female fecundity via perception of
fly deposits. BMC Biol. 2022,20(1):244.

. Takasuka A, Yoneda M, Oozeki Y. Disentangling density-dependent effects

on egg production and survival from egg to recruitment in fish. Fish Fish.
2019;20(5):870-87.

Matsushima N, Kawata M. The choice of oviposition site and the effects of
density and oviposition timing on survivorship in Rana japonica. Ecol Res.
2005;20(1):81-6.

Cocroft RB. Vibrational communication facilitates cooperative foraging in
a phloem-feeding insect. Proc Biol Sci. 2005;272(1567):1023-9.

Fitzgerald TD, Peterson SC. Cooperative foraging and communication in
caterpillars. BioSci. 1988;38(1):20-5.

Zhao L, Wang X, Zhan J. Effects of female and male density on their
mating performance and female post-mating reproductive fitness in
Plagiodera versicolora (Laicharting) (Coleoptera: Chrysomelidae). Coleopt
Bull. 2022;76(1):73-81.

Welsh DP, Fuller RC. Where to place your eggs: the effects of conspecific
eggs and water depth on oviposition decisions in bluefin killifish. J Zool.
2011;284(3):192-7.

Riehl C. Evolutionary routes to non-kin cooperative breeding in birds.
Proc Biol Sci. 2013;280(1772):20132245.

Doody JS, Freedberg S, Keogh JS. Communal egg-laying in reptiles

and amphibians: Evolutionary patterns and hypotheses. Q Rev Biol.
2009;84(3):229-52.

Courtney SP.The evolution of egg clustering by butterflies and other
insects. Am Nat. 1984;123(2):276-81.

loannou C. Grouping and predation. In: Shackelford TK, Weekes-Shack-
elford VA, editors. Encyclopedia of Evolutionary Psychological Science.
Cham: Springer International Publishing; 2017. p. 1-6.

Schwartz NU, Zhong L, Bellemer A, Tracey WD. Egg laying decisions in
Drosophila are consistent with foraging costs of larval progeny. PLoS ONE.
2012;7(5): e37910.

Lihoreau M, Clarke IM, Buhl J, Sumpter DJT, Simpson SJ. Collective selec-
tion of food patches in Drosophila. J Exp Biol. 2016,219(5):668.

Zhang L, Sun H, Grosse-Wilde E, Zhang L, Hansson BS, Dweck HKM. Cross-
generation pheromonal communication drives Drosophila oviposition
site choice. Curr Biol. 2023;33(10):2095-103.e3.

Olson M. The theory of collective action: public goods and the theory of
groups. Cambridge: Harvard University Press; 1965.

Archetti M. Cooperation as a volunteer’s dilemma and the strategy of
conflict in public goods games. J Evol Biol. 2009;22(11):2192-200.
Archetti M, Scheuring |, Yu D. The non-tragedy of the non-linear com-
mons. Preprints: Preprints; 2020. https://www.preprints.org/manuscript/
202004.0226/V2.

Bailly TPM, Kohlmeier P, Etienne RS, Wertheim B, Billeter J-C. Social modu-
lation of oogenesis and egg-laying in Drosophila melanogaster. Curr Biol.
2023;33(14):2865-77.4.

Soto-Yéber L, Soto-Ortiz J, Godoy P, Godoy-Herrera R. The behavior of
adult Drosophila in the wild. PLoS ONE. 2018;13(12): €0209917.

Golden S, Dukas R. The value of patch-choice copying in fruit flies. PLoS
ONE. 2014;9(11): €112381.

Malek HL, Long TAF. On the use of private versus social information in
oviposition site choice decisions by Drosophila melanogaster females.
Behav Ecol. 2020;31(3):739-49.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 13 of 14

Battesti M, Moreno C, Joly D, Mery F. Spread of social information and
dynamics of social transmission within Drosophila groups. Curr Biol.
2012;22(4):309-13.

Sarin S, Dukas R. Social learning about egg-laying substrates in fruitflies.
Proc Biol Sci. 2009;276(1677):4323-8.

Duménil C, Woud D, Pinto F, Alkema JT, Jansen |, Van Der Geest AM, et al.
Pheromonal cues deposited by mated females convey social informa-
tion about egg-laying sites in Drosophila melanogaster. J Chem Ecol.
2016;42(3):259-69.

del Solar E. Selection for and against gregariousness in the

choice of oviposition sites by Drosophila pseudoobscura. Genet.
1968;58(2):275-82.

del Solar E, Palomino H. Choice of oviposition in Drosophila mela-
nogaster. Am Nat. 1966;100(911):127-33.

del Solar E, Ruiz G. Behavioral analysis of the choice of oviposition site
by single females of Drosophila melanogaster (Diptera: Drosophilidae). J
Insect Behav. 1992;5(5):571-81.

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):2821-6.e2.

Fowler EK, Leigh S, Bretman A, Chapman T. Plastic responses of

males and females interact to determine mating behavior. Evol.
2022;76(9):2116-29.

Yang C-H, Belawat P, Hafen E, Jan LY, Jan Y-N. Drosophila egg-laying site
selection as a system to study simple decision-making processes. Sci.
2008;319(5870):1679.

Vijayan V, Wang Z, Chandra V, Chakravorty A, Li R, Sarbanes SL, et al. An
internal expectation guides Drosophila egg-laying decisions. Sci Adv.
2022;8(43):.eabn3852.

Marchini D, Marri L, Rosetto M, Manetti AG, Dallai R. Presence of antibac-
terial peptides on the laid egg chorion of the medfly Ceratitis capitata.
Biochem Biophys Res Commun. 1997;240(3):657-63.

Eisner T, Eisner M, Rossini C, lyengar VK, Roach BL, Benedikt E, Mein-
wald J. Chemical defense against predation in an insect egg. PNAS.
2000;97(4):1634-9.

Narasimha S, Nagornov KO, Menin L, Mucciolo A, Rohwedder A, Humbel
BM, et al. Drosophila melanogaster cloak their eggs with pheromones,
which prevents cannibalism. PLoS Biol. 2019;17(1): €2006012.

Chess KF, Ringo JM. Oviposition site selection by Drosophila melanogaster
and Drosophila simulans. Evol. 1985,39(4):869-77.

Moore JA. Competition between Drosophila melanogaster and Drosophila
simulans. | Population cage experiments Evol. 1952;6(4):407-20.

Fowler EK, Friend LA, Churchill ER, Yu DW, Archetti M, Bourke AFG, et al.
Female oviposition decisions are influenced by the microbial environ-
ment. J Evol Biol. 2025;38(3):379-90.

Moreira-Soto RD, Khallaf MA, Hansson BS, Knaden M. How conspecific
and allospecific eggs and larvae drive oviposition preference in Dros-
ophila. Chem Senses. 2024;49:bjae012.

Wong AC-N, Wang Q-P, Morimoto J, Senior AM, Lihoreau M, Neely GG,
et al. Gut microbiota modifies olfactory-guided microbial preferences
and foraging decisions in Drosophila. Curr Biol. 2017,27(15):2397-404.e4.
Churchill ER, Bridle JR, Thom MDF. Spatially clustered resources increase
male aggregation and mating duration in Drosophila melanogaster.
Anim Behav. 2020;169:45-50.

Edward DA, Chapman T. Sex-specific effects of developmental environ-
ment on reproductive trait expression in Drosophila melanogaster. Ecol
Evol. 2012;2(7):1362-70.

Turner GF, Pitcher TJ. Attack abatement: a model for group protection by
combined avoidance and dilution. Am Nat. 1986;128(2):228-40.

Guilhot R, Xuéreb A, Lagmairi A, Olazcuaga L, Fellous S. Microbiota acqui-
sition and transmission in Drosophila flies. iScience. 2023;26(9):107656.
Bakula M. The persistence of a microbial flora during postembryogenesis
of Drosophila melanogaster. J Invertebr Pathol. 1969;14(3):365-74.
Vijendravarma RK, Narasimha S, Kawecki TJ. Predatory cannibalism in
Drosophila melanogaster larvae. Nat Commun. 2013;4(1):1789.

Bartelt RJ, Schaner AM, Jackson LL. cis-Vaccenyl acetate as an
aggregation pheromone in Drosophila melanogaster. J Chem Ecol.
1985;11(12):1747-56.

Verschut TA, Ng R, Doubovetzky NP, Le Calvez G, Sneep JL, Minnaard AJ,
et al. Aggregation pheromones have a non-linear effect on oviposition
behavior in Drosophila melanogaster. Nat Commun. 2023;14(1):1544.


https://www.preprints.org/manuscript/202004.0226/v2
https://www.preprints.org/manuscript/202004.0226/v2

Churchill et al. BMC Biology (2025) 23:306

57.

58.

59.

Auld JR, Agrawal AA, Relyea RA. Re-evaluating the costs and limits of
adaptive phenotypic plasticity. Proc Biol Sci. 2009,277(1681):503-11.
DeWitt TJ. Costs and limits of phenotypic plasticity: tests with predator-
induced morphology and life history in a freshwater snail. J Evol Biol.
1998;11(4):465-80.

Khodaei L, Long TAF. Kin recognition and egg cannibalism by Drosophila
melanogaster larvae. J Insect Behav. 2020;33(1):20-9.

60. Markow TA, Beall S, Matzkin LM. Egg size, embryonic development time
and ovoviviparity in Drosophila species. J Evol Biol. 2009;22(2):430-4.

61. Fernandez-Moreno MA, Farr CL, Kaguni LS, Garesse R. Drosophila mela-
nogaster as a model system to study mitochondrial biology. Methods Mol
Biol. 2007;372:33-49.

62. Parker GA. Sperm competition games: raffles and roles. Proc Biol Sci.
1990,242(1304):120-6.

63. Bretman A, Fricke C, Chapman T. Plastic responses of male Drosophila
melanogaster to the level of sperm competition increase male reproduc-
tive fitness. Proc Biol Sci. 2009;276(1662):1705-11.

64. Moatt JP, Dytham C, Thom MDCP. Exposure to sperm competition risk
improves survival of virgin males. Biol Lett. 2013;9(2):20121188.

65. Bretman A, Westmancoat JD, Chapman T. Male control of mating
duration following exposure to rivals in fruitflies. J Insect Physiol.
2013;59(8):824-7.

66. Harrison LM, Churchill ER, Fairweather M, Smithson CH, Chapman T, Bret-
man A. Ageing effects of social environments in‘non-social’insects. Philos
Trans R Soc Lond B Biol Sci. 1916;2024(379):20220463.

67. Billeter JC, Bailly TPM, Kohlmeier P. The social life of Drosophila mela-
nogaster. Insectes Soc. 2024;72:127-140 (2025).

68. Wolfram Research Inc. Mathematica. Champaign: Wolfram Research, Inc,;
2023. https.//www.wolfram.com/mathematica/.

69. Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ: 25 years of
image analysis. Nat methods. 2012;9(7):671-5.

70. R Core Team. R: a language and environment for statistical computing.

R Foundation for Statistical Computing, Vienna, Austria. 2019. https://
WWW.r-project.org/.

71. Wickham H. ggplot2: elegant graphics for data analysis. New York:
Springer-Verlag; 2016. https://ggplot2.tidyverse.org.

72. Wilke CO. cowplot: streamlined plot theme and plot annotations for
‘ggplot2”: R package version 1.1.1; 2020. https://wilkelab.org/cowplot/.

73. Hope RM. Rmisc: Ryan miscellaneous: R package version 1.5.1; 2022.
https://github.com/ryanhope/rmisc.

74. Kleiber C, Zeileis A. Applied econometrics with R. New York: Springer-
Verlag; 2008. https://CRAN.R-project.org/package=AER.

75. Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models
using Ime4. J Stat Softw. 2015;7(67):1-48.

76. Kuznetsova A, Brockhoff PB, Christensen RH. ImerTest package: tests in
linear mixed effects models. J Stat Softw. 2017;6(82):1-26.

77. Churchill ER, Fowler EK, Friend LA, Archetti M, Yu DW, Bourke AFG, Chap-
man T, Bretman A. Egg laying locations from fruit flies in a social environ-
ment manipulation experiment. NERC EDS Environmental Information
Data Centre. 2025. https://doi.org/doi.org/10.5285/0854f2de-137f-472f-
9c0c-9ae1f69e7f19.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14


https://www.wolfram.com/mathematica/
https://www.r-project.org/
https://www.r-project.org/
https://ggplot2.tidyverse.org
https://wilkelab.org/cowplot/
https://github.com/ryanhope/rmisc
https://CRAN.R-project.org/package=AER
https://doi.org/10.5285/0854f2de-137f-472f-9c0c-9ae1f69e7f19
https://doi.org/10.5285/0854f2de-137f-472f-9c0c-9ae1f69e7f19

	Female fruit flies use social cues to make egg-clustering decisions
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Plasticity in aggregation and egg laying — competition, cooperation, and cheating among females
	Drosophila melanogaster as a model for understanding plasticity in oviposition

	Results
	Egg-laying patterns were significantly non-random, and clustering increased with increasing group size (H1 and H2)
	Egg-clustering patterns responded both to the density of adult females and the presence of already-laid eggs in the environment (H2)
	(i) Females in larger social groups clustered their eggs more and laid more eggs at a faster rate
	(ii) Females preferred to lay eggs within existing clusters rather than with singly laid eggs

	Egg clusters were typically of mixed maternity (H3)

	Discussion
	Egg-clustering decisions are plastic and eggs are laid in non-random patterns
	Females cluster more of their eggs in larger groups and more commonly form mixed-maternity clusters
	Females preferred to lay their eggs in existing egg clusters
	Potential fitness benefits of egg clustering remain elusive
	Egg number and laying rate also increased as adult female density increased

	Conclusions
	Methods
	Fly husbandry and rearing of experimental flies
	Development of mathematical model of egg clustering to test for nonrandom egg deposition (H1)
	Testing for plasticity in egg-clustering behaviour in response to varying egg and adult density (H2)
	Testing for mixed maternity of egg clusters (H3)

	Statistical analysis

	Acknowledgements
	References


