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ABSTRACT
An organism’s behaviour is influenced by its social environment. Experiences such as social 
isolation or crowding may have profound short or long-term effects on an individual’s behaviour. 
The composition of the social environment also depends on the genetics and previous experi
ences of the individuals present, leading to additional potential outcomes from each social 
interaction. In this article, we review selected literature related to the social environment of the 
model organism Drosophila melanogaster, and how Drosophila respond to variation in their social 
experiences throughout their lifetimes. We focus on the effects of social environment on beha
vioural phenotypes such as courtship, aggression, and group dynamics, as well as other pheno
types such as development and physiology. The consequences of phenotypic plasticity due to 
social environment are discussed with respect to the ecology and evolution of Drosophila. We also 
relate these studies to laboratory research practices involving Drosophila and other animals.
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1. Introduction

A social environment can be defined as the composi
tion of individuals of the same species surrounding the 
individual of interest. Social environments can interact 
directly or indirectly on the individual of interest [1]. 
Variables in the social environment can include the 
number of other individuals and their behavioural 
phenotypes which can be influenced by genotype, 
age, past experiences, and abiotic and biotic envrion
mental variables. Together, these factors lead to differ
ences in the quantity and type of social interactions 
that an individual experiences throughout their 
lifetime.

The ability for social interactions to impact an 
organism’s behaviour, fitness, and physiology have 
been well observed in many species. Laboratory and 
field experiments have traditionally focused on ‘social 
animals’ such as mammals and birds [2,3]. Research in 
human biology and sociology has also revealed impor
tant influences that the social environment has on 
issues from epidemiology to economics [4,5].

One of the most well-known model organisms 
of the last century is the fruit fly Drosophila 

melanogaster. Discoveries about the genome of 
the fly paved the way to understanding patterns 
of inheritance, development, and behaviour [6]. 
Despite being a non-eusocial insect, the life history 
and natural habitat of Drosophila melanogaster is 
highly dynamic with respect to their social envir
onment [7]. As larvae, they forage in rotting fruit, 
surrounded by other larvae. Adults aggregate on 
food sources to compete for mates and oviposition 
sites. Social behaviour, defined here as interactions 
between two or more individuals of the same 
species, has been well studied in D. melanogaster, 
with an emphasis on linking genes to behavioural 
phenotypes such as courtship and aggression [8]. 
More recently, research has expanded to beha
viours of groups of flies, the neural underpinnings 
of these behaviours and the emergent properties of 
the groups [e.g. 9, 10], leading to interest in how 
Drosophila respond to their surrounding social 
environment.

In the present review, we focus on experimental 
findings related to the social behaviour and the social 
environment of D. melanogaster (although other 
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species of Drosophila are also discussed for compar
ison). We examine several aspects of the social envir
onment that have been manipulated in the literature: 
isolation, crowding, and the composition of the 
social environment (an example is illustrated in 
Figure 1). There is a diverse range of effects of 
these variable social environments on behaviour, 
development, and physiology. We discuss the find
ings from the perspectives of the ecology, evolution, 
neurobiology, and genetics of Drosophila, as well as 
their implications for other animals (e.g. mammals). 
This article is not intended to be a comprehensive 
review of all research on D. melanogaster social 
behaviour and the social environment, but rather a 
selection of literature chosen to illustrate key themes 
and examples of interest.

2. Part 1: social isolation

Social isolation can be defined as the lack of con
tact and social interactions between an individual 
and members of its own species. In humans, 

prolonged isolation is currently a growing problem 
in the older adult population which is associated 
with its many detrimental effects on health and 
well-being, making it an important area of study 
[11,12].

Experimental studies of the effects of social iso
lation have historically focused on mammalian 
subjects such as rats and primates, due to their 
findings being more applicable to human psychia
tric and neurological conditions [13–16]. 
However, differing levels of isolation can be 
experienced by a variety of species, including 
those not typically considered to be social animals 
(animals in which parental care, group living, and/ 
or cooperation are part of their life history). Bailey 
and Moore 2018 quantify social isolation in this 
context as the difference between the optimal 
amount of social interaction for an individual 
and the actual amount experienced [17]. In their 
review [17], they describe how social isolation can 
alter evolutionary dynamics of populations, using 
examples from species such as the field cricket 

Figure 1. Drosophila may be exposed to various social environments at different life stages. For example, during the larval stage, 
conditions such as social isolation or crowding may lead to both short and long-term effects on an individual’s behaviour, 
development, and fitness. Figure modified from Figure 3 in [18]. Illustration by Max Licht.

FLY 69



Gryllus pennsylvanicus showing how isolation 
impacts sexual selection [19], and from the inva
sive cane toad Rhinella marina displaying beha
vioural plasticity depending on the degree of 
isolation in the population [20].

In this section, we review experimental evidence 
for the impact of social isolation on Drosophila, 
and how these findings inform our understanding 
of their behaviour in nature and in the laboratory.

2.1. Courtship, mating, and evolution

Studies on various Drosophila species have shown 
that even closely related species can have pro
foundly differing responses to social isolation. 
One example is in courtship and mating success. 
D. silvestris show decreased mating success when 
individuals were reared in isolation [21]. Isolated 
D. silvestris individuals often exhibit ‘escape’ beha
viour when presented with a mating partner. 
Isolated males were also unable to court effec
tively, and isolated females frequently interrupted 
courtship attempts. In contrast, socially isolated D. 
paulistorum males have increased courtship beha
viour and were more successful in competing for 
mates [22]. The finding that these two species 
react in different directions to the same experience 
(social isolation) may contribute to our under
standing of the forces shaping the speciation and 
sexual isolation of drosophilid species and subspe
cies based on mating behaviour.

Experiences and behaviour early in life can 
affect the reproductive fitness of Drosophila in 
adulthood. In species where courtship behaviour 
is learned, individuals may require and even seek 
out social interactions earlier in life to develop 
successful mating behaviour. For example, D. mel
anogaster males refine their courtship behaviour 
based on past experiences with mated and 
unmated females; experienced males begin court
ing mated females more slowly and unmated 
females more quickly compared to inexperienced 
males [23]. This phenomenon requires males to 
form associative memories with the signals com
municated by females during previous courtship 
encounters. A common assay for testing learning 
and memory in Drosophila males is known as 
courtship conditioning, where an inexperienced 
male is paired with a mated unreceptive female 

and subsequently the male fly decreases courtship 
behaviours for several hours towards other females 
[24]. Other species such as the aforementioned D. 
paulistorum may benefit from social isolation. Kim 
& Ehrman 1998 [22] discuss the possibility that 
social isolation may lead to greater access to nutri
tional resources resulting in socially isolated males 
being larger and therefore more successful in 
mating.

Mechanisms of reproductive behaviour in 
Drosophila melanogaster have historically been 
studied using genetic mutants. The neurogenetics 
of sensory systems and gene functions in the cen
tral nervous system (CNS) related to courtship and 
mating have been extensively studied [reviewed in 
25]. The first mutation identified that alters male 
courtship song was in the X-chromosomal gene 
cacophony (cac), which interrupts the typical 
song pattern produced by males [26]. More 
recently, the social experience of male flies has 
also been studied for its role in courtship beha
viour. Marie-Orleach et al. [27] found that D. 
melanogaster males in the presence of con- and 
heterospecific males produce courtship songs of 
longer duration than isolated males. This effect 
may be due to the social interactions helping to 
trigger reproductive maturity, modulated by sig
nalling with CREB-binding protein (CBP) to 
enhance the efficacy of juvenile hormone (JH) 
[28]. Mutant male flies with lower levels of JH 
synthesis show reduced courtship behaviour [29].

Same-sex courtship behaviour (SSB) has also 
been observed in males and is influenced by 
prior experience with both males and females 
[22,30]. SSB can contribute to reproductive fitness 
in males [31]. Younger males receive a fitness 
benefit as they gain experience through SSB, 
which leads to more success in courting females 
later in life. Older males that already have mating 
experience do not benefit and avoid courtship with 
younger males, further supporting the ideas that 
the life stage and timescales of the social environ
ment are important in determining behavioural 
plasticity in courtship behaviour.

The above-mentioned studies on social isolation 
in Drosophila males reveal the importance of social 
interactions in the plasticity of courtship beha
viour. Males can respond to social interactions in 
a complex manner, by integrating past experiences 
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with other males and current perceptions of mate 
competition. Subsequent research could investi
gate the effects of social isolation on female beha
viour, as mate choice is a plastic phenotype [32].

2.2. Development in larvae and adults

The timing of social isolation is important in 
determining how it affects individuals. In 
Drosophila, early larval stages are particularly sen
sitive to periods of isolation [33]. Foraging larvae 
generally form aggregated distributions based on 
visual attraction to other larvae. Slepian et al. [33] 
showed that when larvae are socially isolated dur
ing the first larval instar (L1 stage) they do not 
form aggregations, suggesting that this behaviour 
is learned during an early critical period in devel
opment; isolated larvae are unable to recognize the 
movement patterns of other larvae and are no 
longer attracted to them. Early isolation can there
fore impact the social behaviours of older larvae 
(for example, cooperative foraging performed by 
third instar larvae, which will be discussed later in 
this review).

Foraging behaviours influence nutrient acquisi
tion, which is crucial during the larval stage in 
order to reach the critical mass required to pupate 
[34]. Therefore, social interactions among 
Drosophila larvae and aggregation during foraging 
may be an evolutionary adaptation that allows for 
higher efficiency in nutrient uptake when feeding 
in groups. Further research is required to deter
mine the effects of social isolation on larval nutri
tion. Experiments should be performed comparing 
isolated to group reared larvae, when given ade
quate amounts of food, to determine whether 
there are differences in feeding rate and nutrient 
absorption. Developmental milestones such as the 
time required to reach critical mass/pupation and 
the weight of the larvae at each stage could also be 
measured as well as adult fitness.

Unlike larvae, adult flies can disperse over long 
distances and therefore may be more likely to 
experience prolonged periods of social isolation 
[35]. Leech et al. [36] studied the effects of isola
tion on health and ageing throughout the lifespan 
of adult D. melanogaster. They found that isolating 
adults extends their lifespan compared to rearing 
adults in same-sex pairs. However, different sex- 

specific effects for the immune response (wound
ing) and functional senescence (climbing ability) 
were found in isolated vs. paired adults. For exam
ple, isolated females declined in climbing ability as 
they age faster than paired females, while the 
reverse was true for isolated males compared to 
paired males. Researchers hypothesized that sexu
ally dimorphic responses to isolation are due to 
the increased cost of mating for males. Paired 
males anticipating mate competition may elicit 
costly physiological responses, such as increased 
sperm production, even if the sperm is not used 
[36]. In a follow-up study, [37] showed that 
immune responses were also linked to social envir
onment, age, and sex. Specifically, social interac
tions in females increased lifespan post-infection 
and reduced the expression of stress response 
genes (Turandot (Tot) genes, which encodes a 
humoral protein that increases resistance to high 
temperature). These studies suggest that social 
contact between females is overall less stressful 
than between males.

The studies discussed so far have focused on the 
effects of isolation on either the larval stage or the 
adult stage. Further investigation is needed to 
determine how the larval social environment may 
have long-term effects on behaviour and health in 
adulthood. Early adversity experienced by larvae in 
terms of food deprivation is known to impact 
adult exploratory behaviour in a novel environ
ment [38], which is reflective of our understanding 
of mammalian development. In rats, macronutri
ent deficiencies lead to reduced performance of 
individuals in learning and memory related tasks 
[39]. Protein, iron, and iodine deficiencies in 
human children can permanently impair cognitive 
function [40]. One study demonstrated that social 
isolation in D. melanogaster larvae resulted in 
more fragmented sleep patterns in wild-type 
adult flies, with females being more affected than 
males [41]. Additional research could explore 
whether larval social experiences affect phenotypes 
such as adult mating, aggression, and foraging.

2.3. Sleep and neurophysiology

There exists a plethora of research on the negative 
effects of sleep deprivation in humans, from phy
siological [42] to social [43]. As a result, 
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researchers are interested in the factors that lead to 
altered sleep patterns and sleep requirements.

Social isolation impacts sleep patterns in mam
mals. In mice, social isolation acts as an additional 
stressor with sleep deprivation, with paired mice 
recovering from sleep deprivation more effectively 
than isolated mice [44]. Sleep quality in humans is 
inversely associated with social isolation and lone
liness in older adults [45].

Interestingly, similar effects of isolation on sleep 
exist in D. melanogaster. Isolated flies were found 
to sleep less during the day than socially enriched 
flies and this effect was proportional to the size of 
the group [46]. Effects of isolation also persist 
across life stages, as mentioned in the previous 
section [41]. Furthermore, isolation-induced sleep 
deprivation in both flies and mice has been shown 
to induce cellular stress and the unfolded protein 
response (a response to the build-up of misfolded 
proteins in the endoplasmic reticulum), which is 
hypothesized to contribute to the negative health 
outcomes of social isolation [47]. A recent study 
also linked chronic social isolation in flies with 
both reduced sleep and an altered brain state that 
signals starvation, using behavioural and transcrip
tome analyses [48]. The researchers connected the 
behavioural changes in chronically isolated flies 
(sleep loss and overconsumption of food) to 
potential consequences on sleep and food-related 
behaviours in humans that suffer from chronic 
loneliness [48].

A few studies have examined the link between 
isolation-induced behavioural changes and the 
physiological mechanisms involved. Liu et al. [49] 
tracked social network parameters (a measure of 
behaviour) alongside gene expression changes in 
response to social isolation. The researchers found 
that the expression of metabolic genes changed 
within just one day (causing an increase in lipid 
content in flies), whereas behaviour [e.g. locomo
tor activity, number of social interactions) changed 
across six days. Agrawal et al. 2019. examined the 
epigenetic effects of social isolation vs. social 
enrichment on sleep behaviour [50]. By identifying 
changes in histone modification marks and mRNA 
expression levels in dopaminergic neurons, they 
found that some genes encoding activity-related 

transcription factors (ARG-TFs] respond to social 
environment changes. Epigenetic modifications 
occurred within just 4 days of social isolation. 
Knockdowns of these ARG-TFs rescued the social 
effects on daytime sleep.

Much is known about how isolation adversely 
impacts social creatures and their health. The stu
dies we have discussed on isolation’s effects on 
sleep and other physiological responses in 
Drosophila show that these effects could be con
served in simpler model organisms, suggesting 
that the benefit of social interactions evolved ear
lier than previously thought.

2.4. Aggression, genetics, and gene expression

Isolating adult flies for several days changes their 
behaviour towards other flies. They show a lower 
social space measurement (SSI, or distance 
between two flies) compared to non-isolated coun
terparts [51]. This behaviour is modulated by 
dopaminergic signalling [52].

Aggressive behaviours also increase in both 
sexes after social isolation. Females show increased 
aggression over food sources [53], and male terri
torial aggression [54]. In D. suzukii males display 
more aggression than socially reared males, and 
socially reared females lack aggressive beha
viours [55].

Laboratory studies in aggression are important 
in forming hypotheses for how plasticity in aggres
sive behaviours evolved. For example, isolation 
could be highly correlated ecologically with food 
scarcity and other adverse conditions, leading to 
increased aggression to maximize competitive abil
ity. Natural populations of Drosophila face many 
additional challenges compared to laboratory 
populations, which could lead to periods of isola
tion for individuals. Flies are exposed to many 
pathogens, parasitoids, predators, and fluctuating 
abiotic conditions (especially in temperate climates 
where overwintering is required) and reviewed in 
[7,56]. Isolation may also serve to alert individuals 
of these conditions, and aggression may be one of 
many responses to prepare for adversity.

More recently, research has identified genes that 
mediate aggressive behaviours and have 
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demonstrated that their expression is influenced 
by social isolation. Ueda & Wu 2009 followed up 
on an earlier study [53] by examining larval social 
isolation; larvae that were reared in isolation from 
the time of hatching to the late third instar phase 
had increased neuromuscular junction transmis
sion and nerve/muscle excitability [57]. They iden
tified two genes, Hyperkinetic (Hk) and glutathione 
S-transferase-S1 (gsts1) that were necessary for 
both plasticity in adult aggression and larval neu
romuscular excitability. Hk and gsts1 mutants did 
not show differences in aggression and nerve/mus
cle excitability when comparing isolated and group 
reared individuals. Hk and gsts1 are involved in 
redox regulation and the Reactive Oxygen Species 
(ROS) stress response, suggesting that ROS regula
tion mechanisms can influence synaptic functions 
at neuromuscular junctions, which may lead to 
behavioural changes.

Agrawal et al. 2020 [58] found that the neu
ropeptide Drosulfakinin (Dsk) is downregulated 
in adult flies in response to 4 days of social 
isolation. In this case, the connection to beha
viour was clear, as knockdown and genetic silen
cing of Dsk also led to increased aggression. Dsk 
is a homolog to mammalian cholecystokinin 
(CCK), which functions both as a signal hor
mone in the gut and neuropeptide in the central 
nervous system. Elevated CCK levels in humans 
have been linked to increased anxiety [59] and 
hallucinatory disorders [60].

A genome-wide analysis was done on male flies 
in a socially isolated compared to a socially 
enriched environment to examine genetic and 
environmental contributions to differences in 
aggression [61]. This study found genetic variation 
that contributes to aggressive behaviour, as well as 
significant genotype-by-environment interactions. 
Many of the identified genes are associated with 
aggression in mice, and have homologs in humans 
associated with psychiatric disorders.

This section has discussed the study of genetics 
and gene expression mediating aggression in 
Drosophila, and the potential for this research to 
provide more information on how social environ
ments influence homologous genes in humans 
associated with social behaviour and psychiatric 
conditions. Future research in this area could 

examine mutations of these genes in Drosophila 
as well.

3. Part 2: crowding and density

On the opposite end of the spectrum to social 
isolation, high population densities represent 
another challenge for Drosophila in both natural 
and laboratory populations [62]. In the wild, 
young larvae are confined to the piece of rotting 
fruit that they hatched on and are susceptible to 
competition from other larvae. Husbandry of lab 
populations must also take care to avoid crowding 
of flies in their confined environments, as they will 
reproduce rapidly given the right conditions. 
Crowding of larvae can be detrimental to the fit
ness of the resulting adults, in terms of body size 
and fecundity, which we will discuss in this 
section.

The effects of crowding are also seen in human 
societies. Management of dwindling natural 
resources becomes more difficult, environments 
become polluted and deteriorated, and social pro
blems arise (such as the availability of schooling 
and employment) [63]. Studying the effects of 
crowding on animals also impacts our decisions 
on care protocols for domestic and laboratory 
animals, since it is important to understand how 
to mitigate crowding-related stress and the spread 
of infectious diseases [64].

This section reviews what is currently known 
about the effects of high population densities on 
Drosophila, with emphasis on the behavioural 
adaptations that flies have evolved to succeed in 
highly crowded environments.

3.1. Adult behaviour, evolution, and ecology

Most research on the effects of crowding in 
Drosophila is focused on larvae. Adults with their 
higher dispersal ability are assumed to be less 
affected by crowding than larvae. However, labora
tory studies have shown that adults can show 
behavioural plasticity based on the perceived levels 
of crowding in their environment. For instance, 
Rooke et al. [65] determined that flies can sense 
both group size and density by regulating their 
movement behaviours and interaction levels 
accordingly. It was determined that lush- 
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expressing cells (required for detection of cis-vac
cenyl acetate, a male-specific hormone influencing 
aggregation in Drosophila) [66] were necessary for 
detecting group size. The ability to fine-tune indi
vidual behaviour based on group parameters is 
important for participating in social networks 
and group behaviour, which will be discussed 
more in detail in section 3 of this review.

Reproductive fitness can be a driving factor for 
the evolution of different mating behaviours based 
on density. Courtship in Drosophila is dependent 
on many integrated sensory cues, with pheromo
nal communication via cuticular hydrocarbons 
being among the most important [67,68]. Both 
male and female flies release species-specific pher
omones that promote aggregation, which support 
finding a mate. Male courtship behaviours remain 
consistent across moderate levels of crowding, sug
gesting that courtship may have evolved under 
aggregated conditions [69]. However, the crowded 
environment in this study was relatively short term 
(males were introduced to environments of vary
ing density and time to first mating was recorded). 
Interestingly, high-density conditions have been 
shown to induce plasticity in mating behaviours 
across life stages and across generations. Crowded 
larval environments produce adult males with 
increased courtship behaviour [70]. Adult males 
that experience sperm competition from being 
housed with other males produce male offspring 
that also exhibit longer mating duration [71]. 
From these studies, it appears that long-term 
crowding is more predictive of mate competition 
than short-term crowding, suggesting that natural 
populations often experience transient phases of 
highly aggregated individuals, but this is not 
necessarily reflective of a consistently high overall 
population density.

A potential consequence of high population 
density is increased competition for mates. Omesi 
et al 2021 studied the effects of mate competition 
on Drosophila male behaviour and physiology, 
from the perspective of sexual deprivation rather 
than the presence of rival males. Males that experi
ence repeated failures to mate during encounters 
with females display more aggressive behaviour 
and form social networks with lower interactions 
between-group members [72]. Sexually deprived 
males also increase their production of seminal 

fluid and copulation time with receptive females, 
which reduces re-mating rate [72]. Plasticity in 
mating behaviour under high-density conditions 
can enhance short-term reproductive fitness by 
increasing aggression to compete for a mate, and 
prolonging copulation (mate guarding) [72]. 
Another experiment on sexual deprivation found 
that males that recently experienced rejection from 
a female were more likely to seek out and consume 
ethanol compared to males that were permitted to 
mate, which may have implications on the social 
influences on addiction [73].

Future research in this area could focus on how 
population density influences dispersal behaviour. 
Individual differences in Drosophila dispersal are 
dependent on the distribution of food patches 
across an environment, as well as genetic variation 
[74]. Perceptions of density may also play a role in 
dispersal as individuals make decisions based on 
trade-offs between energy expenditure to find food 
sources and competition for local food sources. 
While density-dependent dispersal has been iden
tified and modelled for many species [75–77], 
there is little research on the mechanisms that 
animals use to modulate this behaviour. In flies, 
pheromone signalling could mediate an ‘optimal’ 
level of aggregation in adults that maximizes the 
ability to acquire food and reproduce while mini
mizing competition. In other words, density and 
dispersal could be indirectly regulated by phero
mone sensing in a concentration-dependent man
ner. Both laboratory and field studies could be 
used to answer these questions.

3.2. Larval crowding, development, and 
behaviour

Within the larval stage, density is an important 
factor in determining many food-related beha
viours (Figure 1). One behaviour selected for 
under high-density larval conditions is a higher 
feeding rate (measured by sclerite retractions per 
second) [78,79]. Larvae also vary in their foraging 
pathlength (distance travelled while feeding) and 
can be classified as ‘rovers’ or ‘sitters’, with rovers 
having longer pathlengths compared to sitters 
[80]. This behavioural polymorphism is primarily 
due to allelic variation in the foraging (for) gene, 
which codes for a cGMP-dependent protein kinase 
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[81]. Density-dependent selection over several 
generations showed that the rover phenotype is 
selected for at higher density populations [82]. In 
these studies, researchers hypothesized that selec
tion on the for locus may involve differences in the 
relative fitness associated with each allele under 
different environmental conditions. Food avail
ability, distribution, and the social environment 
(density) may vary over space and time. If the 
different foraging strategies of rover and sitter 
larvae are more suited to some environments 
than others, then this could result in changes in 
allele frequencies in natural populations.

As previously discussed, larvae are visually 
attracted to the movements of other larvae [33]. 
Furthermore, they prefer to aggregate on patches 
of food occupied by other larvae [83]. Potential 
negative consequences of aggregation include 
competition from other larvae, as well as an 
increased risk of parasitic infections and disease. 
However, it is hypothesized that one major benefit 
of aggregation is to disrupt the growth of fungal 
competitors [84], as larvae tend to aggregate more 
often on patches of food infected with fungal 
colonies. In a later study, Trienens & Rholfs 2020 
found that high densities and larger groups of 
larvae are more effective at suppressing fungal 
growth, indicating that there is an optimal density 
for group fitness [85]. Additionally, variation in for 
contributes to variation in suppressing fungi, with 
sitters being more effective than rovers [85], sug
gesting that variation in for influences larval aggre
gation behaviour. This is supported by data 
showing that adult sitters tend to aggregate more 
than rovers [86]. Environmental variation in the 
presence of infectious fungi on Drosophila food 
sources could therefore impose an additional 
selective force that contributes to the maintenance 
of this behavioural polymorphism in nature.

Remarkably, high-density conditions promote a 
novel cooperative phenotype observed in 
Drosophila larvae known as cooperative foraging. 
Dombrovski et al. 2017 first characterized coop
erative foraging in lab populations of wild-type 
and mutant larvae. When upper layers of food 
had been consumed and liquified through the 
release of wastes, larvae orient themselves and 
coordinate their movements in the same direction 
while digging into the media to reach deeper layers 

of fresh food [87]. It is hypothesized that this 
behaviour allows for more efficient burrowing 
while maintaining access to oxygen through the 
creation of a larger cavity that does not collapse. 
Larvae form these coordinated clusters through 
visual and mechanosensory cues, as mutants lack
ing these sensory abilities show much lower cluster 
frequency [87]. Prior social experience during the 
early L3 phase is also necessary for larvae to join 
clusters [87]. Larvae also display kin recognition in 
the context of cooperative foraging, by increasing 
the frequency and size of feeding clusters when 
populations consist of more closely related indivi
duals [88].

Cooperative foraging has been linked to fitness 
benefits in adults (measured via wing size), at the 
cost of increased development time [89]. There is 
much potential for additional research into how 
cooperation affects larval feeding behaviour and 
the specific mechanisms in which this increases 
fitness. Drombrovski et al. 2020 state that the 
increased development time in larvae under 
crowded conditions is due to the lower nutrient 
concentrations present [89]. There could be a few 
hypotheses for why cooperative foraging leads to 
increased adult fitness under these conditions. For 
example, larvae in cooperative clusters could reach 
patches of nutrient-rich food that individual larvae 
cannot (with the time required to burrow as a 
cluster explaining the increased developmental 
time). Alternatively, larvae in clusters could have 
differences in feeding rate and absorption that 
allow them to extract more nutrients from poor- 
quality food, although it is slower than non-coop
erative foraging. Experiments analysing larval 
growth rate, food uptake, and nutrient absorption 
in clusters (compared to larvae reared in the same 
environment that do not form clusters) would help 
answer these questions.

The above-mentioned studies are important in 
establishing that larvae can sense their social 
environment and make decisions based on popu
lation density. Larval behaviour can be important 
in maximizing fitness during the larval stage and 
reaching maturity, as well as preparing an indivi
dual for adulthood under similarly crowded con
ditions. Furthermore, examples of insect 
cooperation are rare outside of eusocial insects. 
One such instance of cooperation is found in the 
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burying beetle Nicrophorus vespilloides. In this 
species, adult beetles care for their offspring by 
defending their food source (a vertebrate carcass), 
and often help feed larvae by regurgitating pre- 
digested food [90]. When parental care is absent, 
siblings are more likely to cooperatively feed on 
the carcass as a way of maximizing their fitness 
[90]. Another example also occurs in the larval 
stage, specifically in masked bird caterpillars 
(Drepana arcuata). During the first and second 
instars, caterpillars aggregate to build a common 
silk shelter on the leaf that they reside on, and 
feed in a coordinated manner [91]. Cooperative 
behaviour among larvae in natural populations of 
insects may be an important adaptation, due to 
the nature of this life stage involving the need for 
food and growth with limited dispersal ability. 
Further studies into larval social behaviour in 
other insect species may contribute more towards 
our knowledge of the evolution of cooperation in 
general.

3.3. Stress responses and physiology

Crowding as a stressor must be considered in an 
evolutionary context in terms of the different 
adaptations that each species evolves to overcome 
this stressor. Different species of Drosophila 
evolved different physiological adaptations to lar
val crowding. Previously we discussed D. melano
gaster behavioural responses to crowding, such as 
increased feeding rate. D. ananassae and D. n. 
nasuta evolved other competitive abilities in 
response to larval crowding, such as an increased 
rate of nutrient conversion to biomass and a shor
tened developmental time [92]. The negative 
effects of crowding on fitness also differ by species. 
Under crowded conditions, D. melanogaster larvae 
have reduced larval viability, while D. simulans 
have lower fecundity [93]. Species-specific adapta
tion to crowding may reflect the fact that natural 
populations of Drosophila often deal with inter
specific competition [62] and may have evolved to 
occupy different niches to maximize their compe
titive ability. While D. melanogaster and D. simu
lans coexist throughout most temperate and 
tropical habitats, studies have shown that even 

small differences in temperature, moisture, and 
food composition can change the relative fitness 
of one species compared to the other (reviewed in 
[94]). Differing competitive abilities and resource 
allocation (larval viability vs. adult fecundity) 
under crowding may be a mechanism to allow 
different species of Drosophila to thrive in specific 
environments.

Research on D. melanogaster larval crowding 
has shown many additional fitness-related effects 
that extend to the adult phase such as body size, 
lifespan, and stress resistance. Klepsatel et al. 2018 
concluded that the limited availability of dietary 
yeast during the larval period was the main factor 
contributing to these effects [95]. Crowding 
increases lifespan [96] and thermotolerance [97], 
by inducing Hsp70 expression, a stress response 
that researchers characterized as having a ‘hard
ening/acclimation’ effect on the flies [98]. Another 
study found that supplementing the diet of flies 
with blueberry anthocyanins rescue some of the 
detrimental effects of crowding and reduced 
Hsp70 expression [99], providing more insights 
into how natural compounds aid in reversing oxi
dative stress. Heat-shock proteins are highly con
served in animals and are an important area of 
study due to their involvement in longevity and 
ageing [100]. While mechanisms of the heat-shock 
response have been studied extensively in 
Drosophila [101,102] future research specifically 
on the role of the social environment may further 
increase our understanding of the pathways that 
animals use to respond to stress.

4. Part 3: composition of the social 
environment

So far, we have focused mainly on Drosophila’s 
ability to sense and respond to differences in the 
presence and quantity of other individuals in their 
surroundings. However, natural populations are 
not homogenous. An individual may interact 
with many members of its species that vary in 
their genetics, influencing the types of social inter
actions in that encounter. When genes expressed 
in one individual affect the phenotype of another 
individual, it is known as an indirect genetic effect 
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[IGE; reviewed in [103,104]]. Additionally, prior 
experiences of individuals may also influence their 
behaviour and shape the social environment (such 
as the outcome of a past aggressive interaction 
influencing the behaviour and the outcome of 
later aggressive encounters) [105]. Finally, in the 
case of D. melanogaster, many other species of 
Drosophila will often be present at a singular 
food source [106], providing opportunities for 
interspecific interactions.

The previous section touched on behavioural 
plasticity in mating based on recognition of the 
sex of surrounding individuals, and plasticity in 
cooperation based on kin recognition. This section 
explores this topic from the perspective of how 
flies gain information about the composition of 
their social environment and adjust their beha
viour accordingly.

4.1. Mating and aggression

As previously discussed, crowding influences male 
courtship and mating behaviour through the 
increased perception of sperm competition. 
Females are also able to alter their mating behaviour 
based on their perception of group composition. 
Billeter et al. 2012 found that female Drosophila 
mate more frequently in heterogeneous groups 
containing males from multiple strains, which 
increases the genetic diversity of their offspring 
[107]. Analysis of sensory-impaired mutants 
revealed that olfaction in females is required for 
this change in mating frequency, indicating that 
the results are due to plasticity in female behaviour 
rather than male-male interactions. Much like how 
the perception of competition influences male mat
ing behaviour, the perception of mate quality (via 
genetic diversity) influences female mating beha
viour. The ability to alter the amount of energy 
invested in mating is an important evolutionary 
trait to maximize reproductive fitness.

Aggression over resource competition is also 
plastic and is dependent on both past experiences 
and group composition [108]. In this experiment, 
researchers manipulated populations of male 
Drosophila by mixing various ratios of fly strains 
that differed in aggression. Aggression was mea
sured in flies before and after imposing a period of 

resource limitation on each strain. They found that 
group (strain) composition determined the direc
tion of behavioural plasticity in response to 
resource availability. All males in homogenous 
groups increased aggressiveness, while in mixed 
groups only strains that were in the minority 
increased aggressiveness. This study is the first to 
show that aggressive behaviours do not only 
depend on the genotype of the individual and 
their current environment, but their past experi
ences as well. Social influences on human aggres
sive and violent behaviours are well studied [109]. 
The ability for a simple model organism to also 
show behavioural plasticity based on past social 
experiences may complement our understanding 
of the evolution of aggression.

4.2. Sensory perception, social networks, and 
group behaviour

Research has shown that chemical communication 
is a key component of many group interactions 
and behaviour in Drosophila. Schneider et al. 2012 
first characterized social network parameters in 
flies by tracking the movements of flies within an 
arena [110]. They discovered that flies form non- 
random social networks, with interactions between 
individuals being structured rather than stochastic. 
These interactions are dependent on chemosen
sory cues, as groups of gustatory and olfactory 
mutants have disrupted social networks. Prior 
social experience increases the variability of social 
interactions within a network [111]. Genetics may 
also play a role, as different strains of flies form 
social networks with different properties [110]. 
The for gene is one example of a genetic influence 
on social network properties: rover and sitter 
strains differ in the duration and frequency of 
pairwise interactions between flies within social 
networks [112]. Pairwise interactions between 
rovers were shorter in duration but higher in fre
quency [112]. Social network parameters such as 
global efficiency (higher in rovers) and assortativ
ity (higher in sitters) also differed between 
strains [112].

Another study investigating the evolution of 
social network properties in Drosophila found 
that behavioural elements of social networks 
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(movement, social spacing, and pairwise interac
tions) are largely shaped by historical environmen
tal factors such as climate [113]. Social networks 
serve many purposes in many insect groups, 
including disease transmission, foraging, mating, 
and oviposition [114]. Understanding social beha
viour and the mechanisms of social structure in 
Drosophila may contribute to research on the evo
lution of more complex social organizations found 
in nature, such as in eusocial insects [115].

Chemical communication is also necessary for 
behaviours such as mating [67,68]. Researchers 
investigated the characteristics of pheromonal 
communication in males by extracting chemicals 
produced by groups of males [116]. It was found 
that the pheromonal profiles produced by males 
is influenced by the individual’s genotype, prior 
social experience, as well as the genotype of 
surrounding flies, which interact with other 
environmental factors such as the light/dark 
cycle [116]. The circadian rhythm of flies is 
also dependent on chemical signalling and can 
be altered by social influence [117]. Olfactory 
mutants are not able to synchronize their inter
nal clocks compared to groups of wild-type 
flies [117].

Mechanosensation is also an important form 
of communication in groups of Drosophila, most 
notably for its role in collective behaviour. 
Collective behaviours in groups of animals are 
important in avoiding dangers such as predation 
[118,119], demonstrated that flies respond to an 
aversive odour faster in groups than individually. 
They can even communicate this to mutant flies 
that cannot sense the odour. This behaviour 
involves the no mechanoreceptor potential C 
(NOMPC) channels on distal leg mechanosen
sory neurons [119].

The role of vision as a form of communication 
and its role in social behaviour may be an emer
gent field of study in the future. Using machine 
learning and neural networks, Schneider et al. 
[120], showed that Drosophila are visually distinct, 
and that the fly visual system is capable in theory 
of distinguishing between individuals.

The research discussed in this section contri
butes to our understanding of the sensory sys
tems and circuits in Drosophila, and provides a 

basis for studying how mechanisms of recogni
tion and communication between individuals of 
a species influence social behaviour. This can be 
relevant in understanding how conserved sen
sory mechanisms evolved and what purpose 
they serve across species that vary in social 
behaviour.

4.3. Learning and the social environment

Many assays exist to investigate learning and 
memory in flies, such as the courtship condition
ing assay [24] or olfactory shock avoidance clas
sical conditioning learning [121,122]. More 
recently, flies have demonstrated the ability to 
learn from other individuals (known as social or 
group learning) [123,124]. One such example is 
mate copying: when given the choice to mate, 
females normally prefer mating with wild-type 
flies over CyO mutants. However, after observing 
another female fly copulating with a CyO male, a 
female is more likely to choose a CyO mate 
instead [125]. A possible consequence of this 
phenomenon is that genetic variation and the 
maintenance of fitness-reducing alleles in popula
tions can be affected by social information. 
Danchin et al. 2018 also used social learning of 
mate choice in D. melanogaster flies to model the 
ability of groups of flies to form and pass on 
cultural traditions across generations [126]. This 
exciting study revealed that conformist social 
learning predicted mate-choice traditions in D. 
melanogaster.

The ability to engage in group learning may 
depend on the genotypes present. The for gene 
allelic variants (rover and sitter) are naturally 
polymorphic in their short and long-term 
memory abilities [127,128]. However, whether 
flies are trained/tested in the olfactory shock 
learning assay as individuals or in groups influ
ences their performance: sitters learn more 
effectively in groups, but rovers perform simi
larly under either condition [129]. These stu
dies show that there is natural genetic variation 
in individual learning, and that there can be 
gene by social environment interactions. The 
genetic composition of the social environment 
may also have an effect. A study examining the 
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aggregation behaviour of rovers and sitters 
found that when navigating a heated arena, 
sitters were more likely to aggregate on cooler 
refuges that already had other flies present [86]. 
In comparison, rovers were more likely to dis
tribute themselves evenly among refugees. 
When testing mixed-strain groups, rovers 
tended to increase their aggregation when they 
were in the minority, and sitters decreased their 
aggregation when they were in the minority, 
suggesting that each individual’s cognition and 
decision-making in navigating the arena 
depended on the behaviour of the surrounding 
flies. It remains to be seen how heterogenous 
populations containing both sitters and rovers 
can factor into an individual’s associative learn
ing phenotype. The relative fitness of rover and 
sitter alleles is also dependent on their fre
quency within a population: if rovers are more 
rare, they have higher survivorship to adult
hood, and vice-versa for sitters [130]. Future 
studies could investigate whether frequency- 
dependent selection also extends to the adult 
life stage and if it is connected to social 
behaviour.

Plasticity in learning based on the social 
environment also extends to interactions 
between different species of Drosophila. Flies 
use visual cues such as wing movements to 
communicate to other individuals about the 
presence of parasitoid wasps, who can then 
alter their behaviour by shifting food prefer
ences and oviposition frequency [131]. 
Communication is more effective among mem
bers of the same species. However, through 
studying groups of D. melanogaster and D. ana
nassae that after living among another species 
for some time, inter-specific communication 
can be improved to be more efficient by learn
ing the ‘dialects’ that the other species uses to 
communicate [131]. Communities consisting of 
multiple species of Drosophila may interact with 
each other in similar ways that individuals 
interact with members of their own species. 
From this perspective, research into the social 
behaviour of Drosophila species could be 
expanded to include interspecific interactions 
as well.

5. Conclusions

In this review, we have discussed experimental 
findings that address how aspects of the social 
environment such as isolation, crowding, and the 
composition of surrounding individuals affect 
Drosophila melanogaster. We have shown that 
Drosophila respond to social conditions in com
plex and multifactorial ways. Flies demonstrate a 
wide range of behavioural plasticity based on both 
perceptions of current social contexts, as well as 
past social experiences. Behaviour is also depen
dent on the age, sex, and genetics of the individual 
itself.

This field of research is crucial to providing a 
complete picture of the ecology and evolution of 
Drosophila. It provides a greater understanding of 
the challenges that these organisms face in nature 
in terms of their dynamic social environment, and 
the traits they have evolved to respond to them.

These studies also demonstrate that a model 
organism typically considered to be a non-social 
insect actually has a rich social life and can be used 
to study how individuals respond to their social 
environments. Within the insect class, there exists 
a wide range of social behaviours. Many insects are 
solitary (spend their lives isolated, except when 
mating) [132], while the label of ‘social’ insects is 
usually reserved for taxa within the Hymenoptera 
in which obligate eusociality evolved (character
ized by the reproductive division of labour) 
[133]. Drosophila may be an excellent candidate 
to test sociobiological hypotheses for genes that 
mediate eusocial behaviour. Homologs of the 
Drosophila for gene are known to regulate the 
division of labour in bees and ants [reviewed in] 
[134]. Drosophila can also respond to the honey
bee queen mandibular pheromone (released by 
honeybee queens to sterilize female workers in 
the colony), showing reduction in ovary develop
ment and fecundity [135]. We can also expect that 
future research in Drosophila can complement our 
understanding of mammalian and human social 
behaviour and health from the perspective of 
genetics and neurobiology, by analysis of con
served genes and pathways between species.

A final important takeaway from these studies is 
that future laboratory research utilizing Drosophila 
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as a model organism must carefully consider the 
social environment as an important factor to con
trol for in experimental methodology. Isolation, 
crowding, and other social parameters do not 
only affect behaviour, but also development, gene 
expression, and physiology. Additionally, effects 
can be observed across a lifetime or even across 
generations. Therefore, the social conditions that 
Drosophila are reared at across different stages of 
life must be recorded and controlled – as experi
ments may not be reproducible otherwise.
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