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Summary 

Cultural norms, collective decisions, reproductive behaviour, and pathogen transmission 

all emerge from interaction patterns within animal social groups. These patterns of 

interaction support group-level phenomena that can influence an individual’s fitness. 

The aim of this study is to understand the evolution of social organization in Drosophila. 

Using a comparative ecological, phylogenetic and behavioural approach, we studied the 

different properties of social interaction networks (SINs) formed by 20 drosophilids and 

the different ways these species interact. We investigate whether animal network 

structures arise from common ancestry, a response to the species’ past ecological 

environment, other social behaviours, or a combination of these factors. We 

demonstrate that differences in past climate predicted the species’ current SIN 

properties. The drosophilid phylogeny offered no value to predicting species’ differences 

in SINs through phylogenetic signal tests. This suggests group-level social behaviours 

in drosophilid species are shaped by divergent climates. However, we find that the 

distance at which flies interact correlated with the drosophilid phylogeny, indicating that 

behavioural elements that comprise SINs have remained largely unchanged in their 

recent evolutionary history. We find a significant correlation of leg length to social 

distance, outlining the interdependence of anatomy and complex social structures. 

Although SINs display a complex evolutionary relationship across drosophilids, this 

study provides evidence of selective pressures acting on social behaviour in Drosophila. 

We speculate that conserved molecular mechanisms may be shared across 

drosophilids deep in their evolutionary history, similar to other pervasive mechanisms, 

like biological clocks. 
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Introduction 

Virtually all animals communicate and assemble into structured groups through a 

process called social organization [1]. Cooperating in these groups helps many animals 

overcome environmental stress and increase their fitness. For example, animals may 

avoid predation, increase foraging efficiency, access mates and locate optimal migration 

routes by collectively moving as a herd [2]. Understanding the nuances of social 

organization across animals has been enhanced by the application of social network 

analysis, since the structure of the network can predict and provide insight into group-

level behaviours. For example, meerkat grooming networks can predict the likelihood of 

tuberculosis infection [3], and a finch’s position in their social network can influence how 

attractive they are to potential mates [4]. In Drosophila melanogaster, researchers have 

demonstrated that where a female lays her eggs is influenced by the structure of her 

social network [5]. Taken together, animal social networks can impact the health and 

behaviour of individual group members. Studying social networks can, therefore, 

provide a valuable tool for understanding the dynamics of social organization. 

Despite its common label as a solitary insect, D. melanogaster displays a variety 

of social and collective behaviours. These include coordinating egg-laying sites [6, 7], 

trans-generational mate preference [8], collective feeding strategies [9], communicating 

the presence of predators/parasites to group members [10, 11] and collective escape 

responses [12]. Additionally, groups of D. melanogaster socially interact in a group 

setting that is structured and non-random. This was demonstrated through the 

previously published Social Interaction Network (SIN) assay [13]. A major finding from 
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this assay was the intraspecific variation of a SIN property called betweeness centrality, 

a measurement of social network cohesiveness [14]. Betweeness centrality has also 

been reported to be heritable in humans [15], suggesting that the SIN assay may 

capture group-level phenotypes that are heritable in Drosophila and other organisms. 

With the SIN assay, we can measure distributions of replicated social networks, 

providing an excellent tool to study the sociality of Drosophila. 

The Drosophila genus of insects is widespread throughout the world where 

groups of species have radiated into arid, temperate and tropical environments [16, 17]. 

The type of environment in which animals reside can correspond to differences in food 

availability, predation and species richness, among other things. These ecological 

variables have been shown to influence social network structure. For example, food 

abundance and predation pressure influence the interconnectedness of social networks 

in whales and guppies [18, 19]. Additionally, the taxonomic and phylogenetic 

relationships across drosophilids are well-established [20, 21]. One group measured 

thermal, cold and desiccation stress across 95 drosophilid species and found a strong 

phylogenetic correlation between cold tolerance and desiccation tolerance [22, 23]. 

Thus, this genus is well-suited for studying trait evolution in a macroevolutionary 

context.   

Here, our aim is to apply comparative ecological, phylogenetic and behavioural 

approaches to understand the evolution of social organization in Drosophila. We 

hypothesized that drosophilid species vary in their social organization, measured 

through SINs, and that the species’ variation in SINs can result from three categorical 

influences (Figure 1): behavioural elements of the network (movement, social spacing, 
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pairwise interactions; see Table 1), phylogenetic signal [24, 25], and climatic selective 

pressures [26]. In this report, we demonstrate how a combination of these three 

categories predicts drosophilid species’ variation in social behaviour. We reason that a 

broader comparative study of SINs across ecologically diverse drosophilid species 

enables us to investigate which factors have shaped social organization over 

macroevolutionary time. We show that the ability to form social networks in Drosophila 

is conserved and that their past environment predicts their present social structure. We 

suggest that the evolution of group-level interaction patterns may be supported by 

conserved mechanisms analogous to other pervasive mechanisms, such as biological 

clocks. 

Results 

Variation in social behaviour 

The movement of some species, such as D. mojavensis, D. immigrans, D. virilis, D. 

santomea and D. mauritiana, were noticeably sedentary, compared to more active 

species such as D. melanogaster (Figure 2). Overall, the male flies in all species were 

more active than the female flies, except for D. novamexicana and the outgroup species 

Chymomyza procnemis (Figure 2). In D. yakuba, D. erecta and D. hydei, the males 

were markedly more active than their female counterparts. Through a two-way ANOVA, 

we found significant species-by-sex interaction effects for movement (p < 0.0001, Figure 

2). 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 20, 2019. ; https://doi.org/10.1101/776708doi: bioRxiv preprint 

https://doi.org/10.1101/776708


 

6 

 

Next, we observed differences in the social spacing parameters across the 

drosophilid species in both the male and female data sets (Table S2). The distance and 

time parameter displayed the least variation for both the male dataset (distance: 1.25-

3.25 body lengths; time: 0.2-2.65 seconds) and the female dataset (distance: 1.25-2.75 

body lengths; time: 0.35-1.85 seconds). In the male dataset, the species with the 

estimated distance parameter of 3.25 body lengths was the outgroup species Ch. 

procnemis. Thus, in the male dataset, all Drosophila species’ distance parameter 

ranged from 1.25 to 2.50 body lengths (Table S2). The angle parameter showed the 

most variation in both the male dataset (20-147.5 degrees) and the female dataset (30-

140 degrees). Most female species interact at a wider angle than their male 

counterparts. This is especially evident in D. santomea, D. yakuba, D. willistoni, D. 

persimilis and D. buzzatii, where the females have an estimated angle parameter nearly 

double the parameter of the males (Table S2). Overall, this data shows that most males 

and females of the same species interact differently and that most females interact at a 

wider angle than the males of the same species. 

When we accounted for the different social spacing parameters, we found that 

there were significant species-by-sex interaction effects for interaction duration, 

reciprocation and number of interactions (p < 0.0001 for all measures, two-way ANOVA, 

Figure 2). For reciprocation, female flies tended to reciprocate interactions more 

frequently than male flies. This may be attributable to the wider angle parameters 

estimated in the female social spacing data (Table S2). For interaction duration, there is 

a clear inverse relationship with movement, especially in the female dataset where 

sedentary species spent more time socially interacting on average. Species that were 
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more active also interacted more on average. Although some sedentary species 

interacted less than active species, all species interacted at least hundreds of times on 

average (Figure 2), providing relatively large samples of SINs to analyze. Taken 

together, these data suggest that species vary in the characteristics of their pairwise 

social interactions.  

Despite the variation in movement, social spacing and pairwise interaction 

patterns, all 20 species form SINs in at least 80% of the video trials in both the male and 

female datasets (Figure S1). We found significant species-by-sex interaction effects for 

assortativity (p = 0.0007), clustering coefficient (p < 0.0001), betweeness centrality (p < 

0.0001), and global efficiency (p < 0.0001; two-way ANOVA). Qualitatively across all 

SIN measures, the relative species differences appear very consistent between the 

male and female datasets (Figure 3): clustering coefficient and global efficiency display 

the largest range of species’ variation, compared to betweeness centrality and 

assortativity (Figure 3). Prior to collecting the 20 species-wide data, we collected data 

for seven species. Five common species were compared between these two 

independent data sets. The estimated SIN measures (Figures S5-S6) were consistent 

between these independent data collections. Overall, these data suggest that SIN 

structure varies across species and sex and that species’ SIN structures are stable 

across time. 

Phylogenetic signal 

To test for phylogenetic influence on comparative trait data, two metrics were 

implemented: Blomberg’s K [24] and Pagel’s λ [25]. High phylogenetic signal implies 
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traits are conserved within a given phylogenetic tree. Low phylogenetic signal can be 

explained by rapidly changing evolutionary events and we favor the explanation that the 

trait is conserved beyond the root of the given phylogenetic tree. We applied these 

phylogenetic signal tests across all the behavioural elements (movement, social 

spacing, pairwise interactions and SIN variables). We found the strongest evidence of 

high phylogenetic signal for the social spacing distance parameter in both the male and 

female datasets (Table 2). Both the K and λ tests agree on this statistically significant 

result, except for the K value in the male dataset (K = 0.20, p = 0.21). This 

disagreement between the two tests may result from statistical noise because a sample 

size of 20 species is considered minimal to detect phylogenetic signal [24, 27].  

To illustrate the phylogenetic signal for the distance parameter, hereafter referred 

to as social distance, we mapped each species’ distance parameter (Table S2) onto the 

drosophilid phylogeny. This produced an evolutionary trait map that showed strong 

phenotypic divergence of social distance between the Drosophila and Sophophora 

subgenera (Figure 4). We hypothesized that this divergence in social distance between 

the two subgenera may correlate with differences in leg size since: 1) most of the 

Drosophila species in our sample were noticeably larger than the Sophophora species; 

2) all species commonly extended their legs to touch conspecifics during social 

interactions. To test this, we measured the legs and bodies of male flies for all 20 

species. To control for the differences in body sizes across all species, we calculated a 

relative leg length measure (total leg length ÷ body size; Table S3 and S4). We 

generated a trait map of relative leg length which shows that the Sophophora subgenus 

has a longer social distance with longer relative leg lengths and the Drosophila 
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subgenus has a shorter social distance with shorter relative leg lengths (Figure 4). Next, 

we tested whether the relative leg length predicts social distance within the entire 

Drosophila genus by generating a simple linear regression model (Figure 4). These 

results show a positive correlation (R2=0.259) between relative leg length and social 

distance.  

To sum up, these data show that most properties of self-organization in 

drosophilids have low phylogenetic signal, except social distance which has strong 

phylogenetic signal. We also show the physical characteristics, leg length and body 

size, correlates with social distance in Drosophila. 

Environmental models of social behaviour 

To investigate whether past environmental selective pressures predict current social 

structure across drosophilids, we extracted 19 climate variables from WorldClim [26]. 

We simplified the 19 climate variables to 5 principal components and used them as 

predictors to generate environmental models, for each SIN measure, through stepwise 

regressions. Temperature range, precipitation of the wettest quarter and temperature of 

the coldest quarter were strong proponents in each of the climatic principal components 

(data not shown). We found the resultant environmental models to be surprisingly 

predictive for assortativity (R2 = 0.444), clustering coefficient (R2 = 0.452), betweeness 

centrality (R2 = 0.314), and global efficiency (R2 = 0.352; Figure 5). We generated 

additional environmental models via stepwise regression by fitting the 5 principal 

components to the behavioural element variables. The subsequent environmental 

models were less predictive than the models for SIN measures: movement (R2 = 0.250), 
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the social spacing parameters (distance: R2 = 0.255, angle: R2 = 0.145, time: R2 = 

0.160) and the pairwise interaction variables (number of interactions: R2 = 0.208, 

interaction duration: R2 = 0.382, reciprocation: R2 = 0.122; Figure S2-S4). Together this 

indicates that climatic selective pressures correlate to group-level behaviours better 

than they correlate to the individual behavioural elements.  

Behavioural models of social behaviour 

To investigate how behavioural elements predict SINs, we fit all the behavioural element 

variables (movement, social spacing, pairwise interactions) to each SIN measure 

through stepwise regressions. We found the resultant behavioural models to be strongly 

predictive for assortativity (R2 = 0.495), clustering coefficient (R2 = 0.587), betweeness 

centrality (R2 = 0.523) and global efficiency (R2 = 0.760; Figure 5). Interestingly, 

movement contributed to all behavioural models for SIN measures, except betweeness 

centrality (Figure 5). We decided to investigate our behavioural hierarchy by correlating 

higher-order behaviours to their respective lower-order behaviours (Figure 1; see 

Methods for explanation of lower- and higher-order behaviours). We found these 

behavioural models to be strongly predictive (number of interactions: R2 = 0.538, 

interaction duration: R2 = 0.553, and reciprocation: R2 = 0.879; Figure S3-S4). Together, 

this suggests that more complex higher-order behaviours in Drosophila can be 

predicted by some lower-order behaviours but not all lower-order behaviours (such as 

movement) can predict complex social structures. 
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Combined models of social behaviour 

We tested how much variation in each SIN measure can be explained by both the 

environmental and behavioural models simultaneously in a “combined model”. We 

hypothesized that comparing the combined model to the behavioural model through a 

likelihood ratio test would determine whether the combination of the two models 

outperforms the behavioural model alone. We found that the combined models 

significantly improve the fit over the behavioural models for assortativity (R2 = 0.673, p = 

0.0001; likelihood ratio test), clustering coefficient (R2 = 0.757, p < 0.0001) and global 

efficiency (R2 = 0.846, p < 0.0001; Figure 5). The combined model for betweeness 

centrality remains nearly identical to the behavioural model (Combined: R2 = 0.569, 

Behavioural: R2 = 0.523), suggesting that the behavioural data alone is sufficient at 

predicting betweeness centrality. We repeated this analysis by generating combined 

models for the pairwise interaction variables (level 3; interaction duration, number of 

interactions and reciprocation). We found that the combined models do not significantly 

outperform the behavioural models for any of these variables (Figure S4), indicating that 

movement (level one) and social space variables (level two) are sufficient at predicting 

pairwise interactions (level three). Altogether, this suggests that the best prediction of 

SIN measures requires the consideration of both environmental and behavioural factors. 

However, betweeness centrality and pairwise interactions can be sufficiently predicted 

by behaviour alone. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 20, 2019. ; https://doi.org/10.1101/776708doi: bioRxiv preprint 

https://doi.org/10.1101/776708


 

12 

 

Discussion  

In this study, we set out to determine which factors shape social organization by 

studying social networks in Drosophila. To do this, we used a species-wide comparative 

method to model climate and behaviour to the evolution of SINs. Here, we show that all 

20 drosophilid species used in this study form SINs (Figure S1) and that the properties 

of these SINs vary across species (Figure 3). This suggests that all drosophilids self-

organize but not all drosophilids self-organize similarly. We show the same results from 

a pilot experiment we performed, suggesting we are capturing a reproducible, stable 

phenotype (Figure S5-S6). We found low phylogenetic signal for the measured SIN 

properties and speculate that group organization in drosophilids is the result of 

conserved mechanisms stemming deep in evolutionary time.  

We found that social distance, which represents the typical distance at which flies 

communicate, displays evidence of high phylogenetic signal according to Pagel’s λ in 

males and females and Blomberg’s K in females (Table 2). According to our data, most 

species tend to interact within 1-3 body lengths, and this range of interaction distance 

has been reported and applied by other researchers [5, 13, 28-30]. The distance at 

which flies socially interact is conserved within different clades of our tree, suggesting 

that closely related drosophilids evolved similar mechanisms for social communication 

(Figure 4). We hypothesized that the social distance at which flies interact may correlate 

with the physical limitation of a fly’s anatomical ability to extend its legs towards another 

fly, which contain gustatory receptors [31]. In flies, it is thought that touching 

conspecifics leads to the exchange of pheromones [32, 33], which can serve as cues 

about a flies’ social environment [34, 35]. It is also possible that flies communicate with 
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each other using both touch and taste. We show that relative leg length does positively 

correlate with social distance (Figure 4). This suggests that how flies space themselves 

in a social setting may be determined by the length of their legs relative to their body 

size and we postulate that their leg length determines how close they need to be to 

conspecifics to touch. Evidence of flies touching has been documented in D. 

paramelanica [36], D. melanogaster [13] and witnessed in this study across all species. 

We reason that social interactions within a species may influence the evolution of their 

anatomy, such as leg length. By maintaining the ability to interact and communicate with 

conspecifics, individuals are better equipped to survey their environment [34, 35], locate 

potential mates and find food [2].  The evolution of leg length and social distance in 

Drosophila may be one example of this.  

We found that the past climatic pressures, behavioural elements, and a 

combination of these variables can predict SIN structure in drosophilids. Although the 

behavioural elements we investigate in this study are also behaviours that comprise 

SINs, they are not necessarily predictive of SIN structure. For example, different 

sensory mutants in D. melanogaster show significantly different movement and rates of 

interaction. However, the sensory mutants form SINs with the same clustering 

coefficient, assortativity, and betweeness centrality [13]. In this study, we show that 

different combinations of behavioural elements can be used to predict SIN structure 

across different Drosophilia species. 

We found that past climatic pressures correlate to the behavioural elements that 

comprise drosophilid SINs and to the different properties of their SINs (Figure S2-S4, 

Figure 5, respectively). These climatic variables could be indicative of other past 
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pressures of their environment, such as food availability [37, 38], species richness [39] 

and intraspecific density [40]. Thus, we argue that the ways in which drosophilids 

behave and the structures of their groups have evolved, at least in part, by pressures 

exerted by their environments. It has been shown that how individuals organize in 

groups can influence their fitness and health [3-5]. Thus, understanding the influences 

on social organization is imperative for recognizing that disrupting these influences can 

impact the survival of a species. It has been speculated that 40% of the insect 

populations on earth will become extinct in the next few decades and that climate 

change will be one factor contributing to their destruction [41]. However, not all declining 

insect populations can be attributable to climate change alone and, in some cases, 

factors contributing to the observed differences in insect populations remain 

unexplained [41, 42]. Seeing as social organization has been shown to contribute to 

health and reproductive success, it is rational to speculate that the breakdown of social 

organization, brought on by climate change, is contributing to the extinction of these 

insects. 

In this study, we found that movement varies across drosophilid species. 

Interestingly, the most sedentary species in this study tend to organize themselves into 

SINs with high clustering coefficient (Figure 3). This could lead to a social structure 

where flies interact more equally [43]. Some studies suggest that living in more 

egalitarian groups correlates with longer lifespans [44] and, interestingly, some of the 

most sedentary species in our study, such as D. mojavensis and D. virilis, have been 

reported to have some of the longest life spans across the Drosophila genus [45]. We 

argue that the differences in group organization seen across drosophilid species is 
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influenced by their different geographic origins and that these differences may correlate 

with life span. In the future, we may be able to evaluate properties of social networks 

and predict health outcomes of populations, such as longevity.  

Although movement correlated with three SIN measures, it did not correlate with 

betweeness centrality (Figure 5), a SIN measure previously reported to be heritable in 

Drosophila [13] and humans [15]. Moreover, when we combined the environmental and 

behavioural models for betweeness centrality, the combined model did not significantly 

improve the correlation compared to the behavioural model alone (Figure 5). It appears 

that the climate data adds no value to maximizing the prediction of betweeness 

centrality, and that the behavioural elements are sufficient. We speculate that 

betweeness centrality, as a phenotype, may respond primarily to selective pressures of 

the social environment. In one study, researchers found that the willingness of 

individuals to share or withhold information from competitors is influenced by the 

composition of the social environment, which they coined “audience effects” [46]. In 

Drosophila, audience effects may explain why flies signal fertile oviposition sites [6, 7] 

and the presence of predators to naïve flies [10, 11]. In the wild, flies may readily 

organize and transmit valuable information about their environment if the benefits of 

cooperation exceed the cost of competition. This may facilitate dynamic behavioural 

strategies which vary across individuals, populations and species. Overall, our results 

suggest that betweeness centrality may measure a group-level phenotype that is likely 

genetically heritable and has been selected by pressures of the social environment. 

Future network studies on Drosophila, or in other animals, may be able to determine 

gene(s) responsible for regulating the betweeness centrality phenotype, which could 
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lead to the discovery of conserved social mechanisms that may be found in other 

organisms. 

We highlight how phylogeny, environment and simple behaviours influence the 

social organization of drosophilids. All 20 of the drosophilids we studied socially 

organize and form SINs, allowing for the possibility of dissecting the evolution of 

sociality in the future. We speculate that social communication across drosophilids is 

conserved, given that drosophilids are known to encounter and interact with other 

species [47]. Recent work uncovered that drosophilids can socially signal the presence 

of predators to an unrelated heterospecific species [11], suggesting that flies 

communicate in “dialects” with each other. When considering complex social 

organization behaviours, the ecological pressures of a species’ environment play a 

large role in shaping these phenotypes. Perhaps, one day, genes that influence social 

organization will be uncovered in Drosophila and we will consider social organization as 

a behavioural phenotype that emerges from a deeply conserved genetic toolkit [48]. 
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Figure Legends 

Figure 1: Hypothetical sources of influence on variation in drosophilid group level 
behaviours. Variation in Social Interaction Networks (SINs), may be influenced by past 
environmental selective pressures, differential common ancestry (phylogeny) and 
through a hierarchy of behavioural elements in order of increasing complexity: 
movement (level 1), the social spacing between interacting flies (level 2), and pairwise 
social interactions (level 3). See Table 1 for definitions of each of these elements. 
Arrows show how phylogeny, environment and behaviour are connected and indicate 
the relationships of phylogenetic and environmental influences on each behavioural 
variable. The phylogeny [21] lists the evolutionary history of the 20 drosophilid species 
we studied. The world map outlines the coordinates of the geographic origin of each 
species stock we studied. The colouration on the map indicate tropical regions (green), 
arid regions (red), and temperate regions (blue), based on the Koppen-Geiger climate 
classification [49]. See Table 1 for definitions of each behavioural measure within these 
three categories. 

  

Figure 2: Movement, interaction duration, reciprocation and number of 
interactions vary across species and between groups of male flies and female 
flies. The y-axis lists each species, along with a phylogeny mapping their evolutionary 
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relationships. Each phylogeny is coloured using the ‘contMap’ function (phytools 
package), according to a scale where red indicates the minimum mean measure 
observed and blue indicates the maximum mean measure observed. Error bars indicate 
standard error of the mean. All graphs on the left with red bars refer to the data acquired 
from groups of male flies and all graphs on the right with blue bars refers to the data 
acquired from groups of female flies. A) Movement: Significant species-specific effects 
were observed (p < 2 x 10-16, two-way ANOVA). Significant sex specific effects and sex 
by species interaction effects were observed (p = 2 x 10-16 for both effects; two-way 
ANOVA). B) Interaction duration: Significant species-specific effects were observed (p < 
2 x 10-16, two-way ANOVA). Significant sex specific effects and sex by species 
interaction effects were observed (p = 2 x 10-16 for both effects; two-way ANOVA). C) 
Reciprocation: Significant species-specific effects were observed (p < 2 x 10-16, two-way 
ANOVA). Significant sex specific effects and sex by species interaction effects were 
observed (p = 2 x 10-16 for both effects; two-way ANOVA). D) Number of interactions: 
Significant species-specific effects were observed (p < 2.24 x 10-11, two-way ANOVA). 
Significant sex specific effects and sex by species interaction effects were observed (p 
= 2 x 10-16 for both effects; two-way ANOVA).  

  

Figure 3: SINs vary across species and between groups of male flies and female 
flies. For each measure, the x-axis is expressed as a z-score, normalized from the 
values of virtual SINs (see Methods). The y-axis lists each species, along with a 
phylogeny mapping their evolutionary relationships. Each phylogeny is coloured using 
the ‘contMap’ function (phytools package), according to a scale where red indicates the 
minimum mean measure observed and blue indicates the maximum mean measure 
observed. Error bars indicate standard error of the mean. All graphs on the left with red 
bars refer to the data acquired from groups of male flies and all graphs on the right with 
blue bars refers to the data acquired from groups of female flies. A) Assortativity: 
Significant species-specific effects were observed (p < 2 x 10-16, two-way ANOVA). 
Significant sex-specific and sex by species interaction effects were observed (p = 
0.0002, p = 0.0007 respectively, two-way ANOVA). B) Clustering coefficient: Significant 
species-specific effects were observed (p < 2 x 10-16, two-way ANOVA). No significant 
sex specific effects were observed (p = 0.248, two-way ANOVA) but a significant sex by 
species interaction effect was observed (p < 2 x 10-16, two-way ANOVA). C) 
Betweeness centrality: Significant species-specific effects are observed (p < 2 x 10-16, 
two-way ANOVA). No sex-specific effects were observed following multiple test 
correction (p = 0.0151, two-way ANOVA). A significant sex by species interaction effect 
was observed (p = 7.65 x 10-15, two-way ANOVA). D) Global efficiency: Significant 
species specific, sex specific, and sex by species interaction effects were observed (p = 
7.23 x 10-9, p < 2 x 10-16, p < 2 x 10-16 respectively; two-way ANOVA). See also Figures 
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S1 for the percentage of SINs formed across all video trials and Figures S5-S6 for 
replication of SIN measures from pilot data. 

  

Figure 4: Social distance and relative leg length display phylogenetic signal and 
are correlated. A) Phylogenetic trait map of drosophilid species differences in social 
distance. The phylogeny is coloured using the ‘contMap’ function (phytools package) to 
help visualize species differences and ancestral nodes. Red indicates the minimum 
value and blue indicates the maximum value observed across the species. The social 
distance displays divergence between the Drosophila and Sophophora subgenera. B) 
Boxplot displaying drosophilid species differences across the relative leg length (total 
leg length / relative body size). Circles depict outliers, whiskers represent the maximum 
and minimum values and the bolded line within each box represents the median. The 
phylogeny on the y-axis is coloured using the ‘contMap’ function (phytools). C) Simple 
linear regression outlining the relationship between relative leg length (x-axis) and social 
distance (y-axis). See also Tables S3-S4 for measurements of leg length and body size 
across all species. 

  

Figure 5: Environmental, behavioural and combined stepwise regression models 
of assortativity, clustering coefficient, betweeness centrality and global 
efficiency. For all regressions, each data point represents the mean SIN measure for a 
single species. The mean SIN measure for groups of male flies and female flies were 
pooled into each regression and are labeled with red and blue points, respectively. Each 
solid trend line indicates line of best fit and dashed lines indicate 95% confidence 
interval of the model. For each model, the multivariate linear equation can be found 
below. A) The environmental model (Equation 1) significantly predicts assortativity (R2 = 
0.44447, p < 0.0001). The behavioural model (Equation 2) significantly predicts 
assortativity (R2 = 0.49493, p < 0.0001). The combined model (Equation 3) significantly 
improves the prediction of assortativity compared to behavioural model alone 
(Combined model AICc < Behavioural model AICc; p = 0.0001, log likelihood ratio test). 
B) The environmental model (Equation 4) significantly predicts clustering coefficient (R2 
= 0.45258. p < 0.0001). The behavioural model (Equation 5) significantly predicts 
clustering coefficient (R2 = 0.56293, p < 0.0001). The combined model (Equation 6) 
significantly improves the prediction of clustering coefficient compared to behavioural 
model alone (Combined model AICc < Behavioural model AICc; p < 0.0001, log 
likelihood ratio test). C) The environmental model (Equation 7) significantly predicts 
betweeness centrality (R2 = 0.31432, p= 0.0008). The behavioural model (Equation 8) 
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significantly predicts betweeness centrality (R2 = 0.52325, p < 0.0001). The combined 
model (Equation 9) does not significantly improve the prediction of betweeness 
centrality compared to behavioural model alone (Combined model AICc > Behavioural 
model AICc; p = 0.0504, log likelihood ratio test). D) The environmental model (Equation 
10) significantly predicts global efficiency (R2 = 0.35261, p = 0.0003). The behavioural 
model (Equation 11) significantly predicts global efficiency (R2 = 0.74972). The 
combined model (Equation 12) significantly improves prediction of global efficiency 
(Combined AICc < Behavioural AICc; p < 0.0001, log likelihood ratio test). Equation 1: y 
= 0.63 – 0.092*[PC2] + 0.064*[PC3] + 0.11*[PC5]. Equation 2: y = 0.53 – 
0.081*[movement] + 0.023*[interaction duration] + 0.00018*[number of interactions]. 
Equation 3: y = 0.56 – 0.068*[PC2] + 0.045*[PC3] + 0.086*[PC5] – 0.071*[movement] + 
0.011*[interaction duration] + 0.00019*[number of interactions]. Equation 4: y = 0.047 – 
0.069*[PC1] – 0.18*[PC2] + 0.21*[PC5]. Equation 5: y = 0.73 – 0.19*[movement] – 
0.0072*[angle] + 0.04*[interaction duration] + 0.00038*[number of interactions]. 
Equation 6: y = 0.71 – 0.014*[PC1] – 0.15*[PC2] + 0.14*[PC5] – 0.16*[movement] – 
0.0067*[angle] + 0.021*[duration] + 0.00038*[number of interactions]. Equation 7: y = 
0.99 + 0.07*[PC1] + 0.057*[PC2] – 0.13*[PC5]. Equation 8: y = 0.096 – 0.28*[social 
distance] + 0.25*[time] – 0.031*[interaction duration] + 0.0002*[number of interactions] + 
2.91*[reciprocation]. Equation 9: y = 0.54 + 0.0065*[PC5] + 0.055*[PC2] – 0.11*[PC5] – 
0.39*[social distance] + 0.23*[time] – 0.01*[interaction duration] + 0.0002*[number of 
interactions] + 1.94*[reciprocation]. Equation 10: y = -3.64 + 0.55[PC2] – 0.34[PC3] – 
0.58[PC5]. Equation 11: y = 2.03 + 0.31*[movement] – 0.14*[interaction duration] – 
0.0007*[number of interactions] – 13*[reciprocation]. Equation 12: y = 2.47 + 0.33*[PC3] 
– 0.38*[PC5] + 0.26*[movement] – 0.078*[interaction duration] – 0.0007*[number of 
interactions] – 15*[reciprocation]. See also Figures S2-S4 for environmental and 
behavioural models of other behavioural elements. 
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Tables 
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Table 1: A glossary of all behavioural measurements discussed in this article. For a 
more comprehensive definition of each measure, see STAR Methods. 

Category Term Description Units of Measure 

Movement

 

Movement The mean locomotor activity of all flies 
within the arena. The movement score is 
calculated by tracking the motion of each 

fly in all video trials using Ctrax. 

Millimeters per 
second (mm/s) 

Social Spacing

 

Distance The minimum distance required for two 
or more flies to be considered in a social 

interaction space 

Body lengths 

Angle The minimum angle required for two or 
more flies to be considered in a social 

interaction space 

Degrees 

Time The minimum time required to fulfill a 
social interaction between two or more 

flies within an interaction space 

Seconds 

Pairwise Interactions 
 

 

Interaction 
Duration 

The mean time elapsed between socially 
interacting flies. Requires the social 

spacing criteria to be fulfilled. 

Seconds 

Reciprocation The mean proportion of social 
interactions that are reciprocated. 

Requires the social spacing criteria to be 
fulfilled. 

N/A 

Number of 
Interactions 

The mean number of social interactions, 
as defined by the social spacing criteria. 

Total count per video 
trial 

Social Interaction Networks 
(SINs) 

 
 

Assortativity A measure of the homogeneity of the 
number of social interactions across all 
individuals. SINs with high assortativity 

implies all individuals in the group 
interact more equally (homogeneous 

distribution of interactions) 

Z-Score 
We generated 

10 000 random SINs 
and standardized 
each measure* 

 
Clustering 
Coefficient 

A measure of how interconnected 
neighbours are to one another. SINs with 

high clustering coefficient implies any 
given individual is more likely to be 

connected to a cluster of interconnected 
neighbours. 

Betweeness 
Centrality 

A measure of the cohesiveness of a 
network. SINs with high betweeness 

centrality implies there are more  
�central  � individuals critical for 

maintaining the cohesion of the network 
relative to SINs with low betweeness 

centrality. 
Global 

Efficiency 
A measure of redundant pathways in a 

network. SINs with high global efficiency 
implies shorter paths of connection 

between individuals on average 
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*Each SIN measure was standardized according to this formula:  
�������������������	mean��������������	��
�

std�measurement��	��
�
 

Table 2: Phylogenetic signal test results of all behavioural variables for K and λ. 
Bolded cells indicate statistical significance for the presence of phylogenetic signal. 

  
  

♂  ♀  

Category Variable K  λ  K  λ  

Movement 

 

 
 

Movement 

 
0.064  

p=0.81  

 
0  

p=1  

 
0.040  

p=0.97  

 
0  

p=1  

Social Spacing 
 

Distance 0.26  
p=0.13 

0.70  
p=0.017  

0.39  
p=0.009  

0.68  
p=0.0009  

Angle 0.37  
p=0.034  

0.56  
p=0.22  

0.32  
p=0.07  

0.22  
p=0.37  

Time 0.06  
p=0.85  

0.54  
p=0.011  

0.038  
p=0.97  

0.012  
p=0.95  

Pairwise Interactions 
 

Interaction Duration 0.15  
p=0.82  

0.14  
p=0.54  

0.12  
0.73  

0  
p=1  

Reciprocation 0.21  
p=0.18  

0  
p=1  

0.17  
p=0.33  

0.20  
p=1  

Number of Interactions 0.27  
p=0.08  

0.10  
p=1  

0.051  
p=0.91  

0  
p=1  

Social Interaction 
Networks (SINs) 

 

Assortativity 0.33  
p=0.17  

0.34  
p=0.58  

0.12  
p=0.83  

0  
p=1  

Clustering Coefficient 0.35  
p=0.059  

0  
p=1  

0.18  
p=0.56  

0  
p=1  

Betweeness Centrality 0.25  
p=0.29  

0  
p=1  

0.18  
p=0.56  

0  
p=1  

Global Efficiency 0.19  
p=0.37  

0  
p=1  

0.19  
p=0.42  

0  
p=1  
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STAR�Methods 

KEY RESOURCES TABLE 

Experimental Models: Organisms/Strains 
D. mauritiana NDSSC Cat#14021-

0241.151 
D. santomea  Cat#14021-0271.00 
D. yakuba Laboratory of N. 

Gompel (LMU Munich, 
Germany) 

N/A 

D. erecta NDSSC Cat#14021-0224.00 
D. bipectinata NDSSC Cat#14024-0381.20 
D. ananassae NDSSC Cat#14024-0371.39 
D. persimilis NDSSC Cat#14011-0111.51 
D. willistoni NDSSC Cat#14030-0811.28 
D. paramelanica NDSSC Cat#15030-1161.05 
D. melanica NDSSC Cat#15030-1141.03 
D. buzzatii NDSSC Cat#15081-1291.01 
D. hydei NDSSC Cat#15085-1641.76 
D. novamexicana NDSSC Cat#15010-1031.04 
D. americana NDSSC Cat#15010-0951.16 
D. virilis NDSSC Cat#15010-1051.86 
D. immigrans NDSSC Cat#15111-1731.16 
Ch. procnemis NDSSC Cat#20000-2640.00 
Software and Algorithms 

Ctrax Open-source machine 
vision program 

http://ctrax.sourcefor
ge.net/ 

Fixerrors Open-source program http://ctrax.sourcefor
ge.net/fixerrors.html 

Automated Social Interaction Criteria Algorithm Open-source [50] https://datadryad.org
/resource/doi:10.506
1/dryad.5nv17 

APE Free program [51] http://ape-
package.ird.fr/ 

Phytools Open-source program 
[52] 

https://github.com/lia
mrevell/phytools 
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LEAD CONTACT AND MATERIALS AVAILABILITY 
Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the lead contact Joel Levine (joel.levine@utoronto.ca). 

This study did not generate new unique reagents. 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Fly stocks 

The majority of the species used for the SIN assay were purchased from the Drosophila 

Species Stock Centre (http://blogs.cornell.edu/drosophila/orders/) as shown in Table 

S1. The Canton-S strain was used to represent D. melanogaster. The D. yakuba stock 

was a gift from N. Gompel. The source of the D. mojavensis and D. sechellia stocks are 

unknown, but these stocks were confirmed to be the correct species through 

documented phenotypic markers [17]. 

METHOD DETAILS 

Video acquisition 

SIN data were acquired as outlined previously [13]. To summarize, all fly stocks were 

maintained in bottles with 40 mL of media containing cornmeal, wheat germ, soy flour, 

molasses, sucrose, glucose, yeast, agar, propionic acid and Tegosept. These bottles 

were stored in a Percival incubator (model I-36LL) set to 25oC with a 12 h L:D cycle. For 

all species, virgin male and female flies were collected through light CO2 anaesthesia. 

Male and female flies were housed separately in groups of 12-16 individuals within vials 
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containing 8 mL of media. All flies were reared for 3 days in an incubator controlled 

under the same temperature and photoperiod described above. Afterwards, 12 flies 

from each vial were gently aspirated into circular arenas (60 mm diameter, 2 mm depth) 

and filmed for 30 minutes using Firefly MV cameras (Point Grey). All videos were filmed 

at the same time of day (9.5-10.5 h after initiation of light phase during photoperiod) to 

control for the clock-controlled locomotor activity of flies. All filming was completed 

inside a Biochamber with controlled temperature (25oC) and humidity (65% RH). After 

filming, all flies were anaesthetized with CO2 and discarded. The position, orientation 

and identity of all flies in each video were tracked through machine vision software 

(Ctrax; versions 0.4.2 & 0.5.19b). Errors in tracking were manually corrected through 

the fixerrors (version 0.2.3) MATLAB package to correct for: swapping of fly identities, 

errors in the orientation of the head to abdomen region of the fly tracks and drastic 

fluctuations in the large major axis of the fly tracks. Data collection was performed 

separately for groups of male flies and for groups of female flies and we will use the 

terms “male dataset” and “female dataset”, respectively. In total, we collected, tracked 

and fixed the errors in 1000 video trials, totaling approximately forty million frames of 

video, across the male and female datasets of the 20 drosophilid species.  

Pilot data 

 An additional male and female dataset containing 399 videos across 7 species was 

collected and analyzed. This collection of videos was acquired between July 2014 and 

August 2015. The following species are represented in this pilot data: D. melanogaster 

(Canton-S), D. simulans, D. sechellia, D. yakuba, D. pseudoobscura, D. mojavensis, 
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and D. paramelanica. With this pilot data, we were able to test the robustness of SIN 

measures between 5 species common to both independent data collections. The stocks 

for these species were the same as those used in the 20 species-wide dataset. The 

relative species differences, for each dataset, were statistically tested through a 

Kruskal-Wallis one-way ANOVA in MATLAB. The replication of these datasets were 

visualized through boxplots that display the distribution of the SIN scores for each 

species (Figure S5-S6).  

 

Automated estimation of social spacing interaction criteria 

All interaction criteria used to generate SINs in the 20 species-wide data (referred to as 

extended data below) are shown in Table S2. The distance, angle and time interaction 

criteria were estimated for each species using an algorithm published by Schneider and 

Levine [50]. Stated briefly, the algorithm analyzes the spatial positions of every fly in all 

tracked videos. The algorithm eliminates background noise from flies by analyzing 

spatial positions of “virtual trials” which consist of fly tracks randomly sampled from 

separate videos. With that background subtraction, the algorithm identifies distance, 

angle and time criteria that are over-represented in videos of flies socially interacting 

compared to the non-social virtual trials. Initially, the algorithm provided interaction 

criteria that contradicted personal observations of each species’ spatial patterning. The 

following adjustments were made to improve the performance of the algorithm:  

1. Previously the algorithm computed an “inter-fly distance” defined as the interval 

where the distribution for distance measures was positive when subtracted from 
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the virtual trials. This interval was the starting point to locate interaction hotspots 

on the social space heat map (see S1-S25 for a visualization of these heat 

maps). Here, we did not compute the inter-fly distance and established the initial 

interaction hotspots by targeting the 95th percentile instead of the third quartile. 

As reported previously [50], angle and distance bins were increased until the 

mean of the enclosed region on the heat maps began to decrease.  

2. Previously the algorithm computed the time criteria by recording the time elapsed 

when flies fulfilled the calculated distance and angle criteria. Background noise 

would be removed by subtracting the distribution of time values from the virtual 

trial time distribution. The first positive time bin, representing the minimal time 

value over-represented in videos of socially interacting flies, was utilized as the 

time criteria. Here, the time criteria were acquired by increasing the number of 

bins on the normalized time frequency distribution until the mean of the enclosed 

bins decreases.  

 

For each species, this algorithm was performed 500 times where 15 videos were 

randomly sampled with replacement in order to generate a 95% confidence interval and 

median estimate of each species’ interaction criteria. Both the pilot data (see below) and 

extended data were analyzed with this algorithm. For a few species, the estimated 

interaction criteria produced questionable results that contradicted our own 

observations. The following changes were made to amend the computerized estimates: 
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1. D. mauritiana males: the angle criterion was relaxed to 121.5 degrees since that 

angle encompasses more hotspots in their social space heat map (data not 

shown). 

2. D. santomea females: the distance was restricted to the lower limit of the 95% 

confidence interval, the angle was relaxed to the upper limit of the 95% 

confidence interval, and time was restricted to the lower limit of the 95% 

confidence interval (data not shown). 

3. D. immigrans males: The automated time criterion was estimated to be 0 s, 

clearly a failure of the algorithm to provide a meaningful criterion. As a result, 103 

social interactions of male D. immigrans were randomly flagged throughout the 

videos and the duration of these interactions (in units of seconds) was recorded 

in a histogram. The minimum value of 0.53 s was used to generate SINs. This 

value falls in a bin that contains ~ 10% of the interactions observed, making it a 

reliable approximation of a minimum social interaction time criterion (data not 

shown). 

4. D. mojavensis males and females: the angle criterion computed in the extended 

data was narrower than the angle criterion estimated from the pilot data. 

Because the pilot data angle criterion encompasses a larger distribution of hot 

spots that are consistent with the extended data heat maps, the pilot data angle 

criterion was used for SIN analysis in the extended data (Table S2; data not 

shown).  
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Estimation of social interaction networks and other behavioural 

measures 

We considered that different drosophilid species may interact differently. We considered 

how the inter-individual distance, angle and time, collectively referred to as the social 

spacing parameters (Figure S2), may vary across species. To account for this, we 

utilized an algorithm that estimates these parameters based on tracked videos (see 

above). Each species’ distance, angle and time parameters for both the male and 

female datasets are listed in Table S2. These species-specific and sex-specific social 

spacing parameters allowed us to control for variation in social interactions when 

generating SINs. Additionally, the social spacing parameters can also be used as a 

measure to classify the ways that different species interact. 

All SINs were generated as previously described [13]. To summarize, all SINs 

are iterative networks that comprise 33 unique interactions, which represents a network 

density of 25% (25% of 132 unique possible interactions in a group of 12 individuals). 

The number of iterative networks in a single 30-minute video may vary and is 

proportional to the number of unique interactions in a video. Most species formed at 

least one SIN iteration in over 80% of their respective video trials (Figure S1). We 

assess four SIN measures that we view as social organization phenotypes: i) 

assortativity, defined as the probability of an individual interacting with another individual 

with a similar degree (degree is defined as the number of incoming and outgoing 

connections to a single node); ii) clustering coefficient, defined as a measure of how 

interconnected neighbours are to one another; iii) betweeness centrality, defined as the 

number of shortest paths that traverse an individual, indicating the relative importance 
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of an individual for maintaining the cohesion of the network; and iv) global efficiency, 

defined as a measure of redundant pathways, indicating the efficiency of information 

flow throughout the network [13, 14]. Explanations of these SIN measures that 

correspond to the iterative approach are described in Table 1. Here we speak about 

these network measures as they apply to a group on average. The four SIN measures 

are expressed as z-scores, which normalizes the networks to control for degree 

distribution. To do this, we generated 10000 random networks and calculated the z-

score as follows:  

 
�������������������	����
������������	
����

�������� ��������� 
������������	
����
 

For each SIN measure, we present the mean z-score, averaged from the distribution of 

videos for each species in the male and female dataset (Figure 3; Schneider et al., 2012 

methods [13]).  

In addition to the SIN measures, other behavioural elements were estimated from 

the tracked videos: i) movement, defined as the mean locomotor activity 

(millimetres/second) of the flies in a single video; ii) interaction duration, defined as the 

mean duration of the social interactions (based on the distance, angle and time 

parameters) in a single video; iii) reciprocation, defined as the proportion of social 

interactions reciprocated in a single video; and iv) number of interactions, defined as the 

total number of social interactions in a single video. See Table 1 for a summary of these 

behavioural elements. Like the SIN measures, the mean of each behavioural element is 

calculated from the distribution of videos for each species in the male and female 

dataset (Figure 2).  
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Phylogenetic signal 

To determine whether the drosophilid species’ social behaviour exhibit phylogenetic 

signal (i.e. differences in a given trait reflect the species’ degree of common ancestry), 

we applied two tests: Blomberg’s K [24] and Pagel’s λ [25]. Both phylogenetic signal 

tests evaluate the extent to which the observed average trait data across species 

adhere to a model of Brownian motion across a phylogenetic tree, which approximates 

the expectation under evolution due to random genetic drift [53, 54]. Both the K and λ 

values typically range on a scale from 0-1, where 0 indicates low phylogenetic signal 

(trait evolution does not adhere to Brownian motion) and 1 indicates high phylogenetic 

signal (trait evolution adheres to Brownian motion; see Blomberg et al. 2003 [24]). The 

phylogenetic tree applied to these analyses was a published drosophilid phylogeny that 

we pruned to include our species sample [21]. Since D. novamexicana was not included 

in this tree, its placement and branch length was standardized based on another 

published phylogenetic tree of the virilis group species [55]. The tree was made 

ultrametric in R through the ‘chronos’ function (ape package) for all subsequent 

phylogenetic comparative analyses.  

Geographic coordinate acquisition for the 20 species 

To test the influence of climatic environment on species variation in SINs, climate data 

was acquired from each species geographic distribution. Many of the species 

purchased from the Drosophila Species Stock Centre had records of the geographic 

coordinates, and/or the city and country the stock was collected from. For the stocks 

that did not have precise coordinates listed on the stock center, the rough latitude and 
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longitude of the recorded locations were noted from a search on Google Maps. The 

coordinates estimating each species’ stock geographic origin are listed in Table S1. 

However, we were unsure of the precise geographic origin for the following stocks: D. 

sechellia, D. yakuba, D. erecta, D. mojavensis. As a result, we utilized Taxodros, a 

database that contains records of coordinates pin-pointing thousands of collection sites 

for drosophilid species (http://www.taxodros.uzh.ch/). We acquired all the Taxodros 

coordinates listed for each of our 20 species through custom MATLAB scripts. For the 

species stocks that had known coordinates from the stock centre or Google Maps, we 

filtered out all Taxodros coordinates beyond +/- 2 latitudinal and longitudinal units from 

the known coordinates (Table S1). Fortunately, the species without known coordinates 

(D. mojavensis, D. yakuba, D. erecta, D. sechellia), have narrow geographic 

distributions confined to one continent. Therefore, the mean latitude and longitude were 

calculated from all Taxodros coordinates to approximate the center of their geographic 

distribution, and these coordinates are listed in Table S1. 

The Taxodros database also aided in acquiring more accurate estimates of the 

climate variables used in the environmental models (Figure 5). Rather than estimating a 

single measure for all 19 climate variables using the coordinates in Table S1, we 

acquired distributions for the 19 climate variables from the filtered Taxodros 

coordinates. For all species, the mean value was calculated from the distribution of 

each climate variable, and these mean measures were incorporated into the principal 

component analysis. The first 5 principal components accounted for 92% of the 

variance across all the climate data (Figure S7). 
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Estimation of environmental variables 

We estimated climate data from latitudinal and longitudinal coordinates specific to the 

capture site of each drosophilid species stock (Figure 1, Table S1). For each set of 

coordinates, we obtained 19 climate variables from the WorldClim database 

(http://www.worldclim.org; [26]). All climate variables represent the predicted climate 

from the mid-Holocene period, approximately 3000 to 8000 years ago [56]. We 

emphasize that this climate data best captures past selective pressures that each 

drosophilid species adapted to. The following variables, representing temperature and 

precipitation patterns, were obtained: annual mean temperature (BIO1), mean diurnal 

range (BIO2; calculated as mean of monthly(max temp – min temp)), isothermability 

(BIO3; calculated as BIO2/BIO7 * 100), temperature seasonality (BIO4), maximum 

temperature of warmest month (BIO5), minimum temperature of coldest month (BIO6), 

temperature annual range (BIO7; calculated as BIO5-BIO6), mean temperature of 

wettest quarter (BIO8), mean temperature of driest quarter (BIO9), mean temperature of 

warmest quarter (BIO10), mean temperature of coldest quarter (BIO11), annual 

precipitation (BIO12), precipitation of wettest month (BIO13), precipitation of driest 

month (BIO14), precipitation seasonality (BIO15), precipitation of wettest quarter 

(BIO16), precipitation of driest quarter (BIO 17), precipitation of warmest quarter (BIO 

18), precipitation of coldest quarter (BIO 19).  

Leg measurements  

The front, middle and rear legs were measured from a minimum of 10 individuals for all 

20 drosophilid species (Table S3). First, we anaesthetized the flies with carbon dioxide 
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and carefully severed each leg above the femur using forceps. Each leg was placed on 

a flat surface and covered with a coverslip. An image was acquired for each leg using a 

Zeiss SteREO Discovery.V12 microscope and Zeiss ZEN (2011) software. The leg was 

measured in µm using Zeiss ZEN (2011) built-in measurement tools. The femur 

measurement began where the trochanter met the femur and ended at the tibia. The 

tibia was measured from the beginning of the tibia to the end of the tibia. The tarsi were 

measured from the beginning of the tarsi and ended in the middle of the claw. For each 

leg, the length of the femur, tibia and tarsal fragments were summed. The sum of the 

three legs were then averaged to provide us with the total leg length.  

Body size measurements  

The body sizes for each species were measured using the tracked videos (see Video 

acquisition above). For each 30-minute tracked video, the mean large major axis was 

calculated in µm for each fly across all frames. Then, the mean of all individual flies 

within each video was calculated. Therefore, each video generated a single mean body 

size measurement. Each species’ reported body size (Table S4) was calculated by 

averaging the mean body size measurements from all video trials. Since the body sizes 

varied for each species, we calculated the relative leg length by dividing the total leg 

length by body size.  
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QUANTIFICATION AND STATISTICAL ANALYSIS 

SINs and behavioural elements 

Social interaction network (SIN) data was acquired from 19 Drosophila species and one 

outgroup species, Chymomyza procnemis. We gathered data for 20 species since a 

power analysis reported this as a reliable minimum sample size for phylogenetic 

comparative methods [24, 27]. Approximately 20-25 videos were acquired for each 

species in both the male and female datasets (see Figure S1 for precise sample sizes 

of each species). 

A two-way ANOVA was used in MATLAB to test whether SINs and the 

behavioural elements differ by sex and across species. Due to the repeated tests on 8 

measures, a Bonferroni correction was employed and all p-values below 0.00625 were 

considered significant. Statistical details can be found in the results, figures and figure 

legends. 

Outliers were removed from all analyses. For the SIN measures and behavioural 

measures, a data was considered an outlier if it was greater than the 75th 

quartile+(1.5*IQR) or lower than the 25th quartile-(1.5*IQR). 

Phylogenetic signal 

The K and λ tests were implemented in R using the ‘phylosig’ function (phytools 

package). We tested phylogenetic signal on the four SIN measures and the four 

behavioural elements where each species’ mean and standard error of the mean were 

incorporated to represent the species’ average and intraspecific variation for the trait, 
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respectively [27]. We also tested phylogenetic signal for the distance, angle and time 

social spacing parameters. Since some of these variables were manually altered, we 

did not incorporate any measure of intraspecific variation into the phylogenetic signal 

tests for these measures. All phylogenetic signal tests were performed separately on 

the male and female data sets. The estimated K values were statistically evaluated 

using R through permutation tests where the observed K value was compared to a null 

distribution of 1000 K values, each computed by randomly shuffling the tips of the 

phylogenetic tree. All estimated λ values were statistically evaluated using R through 

likelihood ratio tests against the null hypothesis that λ = 0. All measures of phylogenetic 

signal and the associated p-values are present in Table 2. Statistical details can be 

found in the results, figures and figure legends. Each phylogenetic signal test had a 

sample size of 20, equal to the number of species. All p-values < 0.05 were considered 

statistically significant. 

To visualize the phylogenetic signal tests for each variable, trait data was 

mapped onto the drosophilid phylogeny using the ‘contMap’ function (phytools package) 

in R. This function maps ancestral states for the internal nodes of the phylogeny using 

maximum likelihood, given the trait data for each species at the tips of the tree [57]. 

These phylogenetic trait maps are present in Figures 2-4. 

Regression analyses 

To explore how environment and behavioural elements influence drosophilid species’ 

variation in SINs, we produced three different types of models through multivariate 

stepwise regressions: i) environmental models, ii) behavioural models and iii) combined 
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models (Figure 5). The environmental models were derived from the mid-Holocene 

climatic data described above. Through a principal component analysis implemented in 

MATLAB, we reduced the 19 climate variables to 5 principal components that account 

for 92% of the observed variance in the climate data (Figure S7). For each 

environmental model, the 5 principal components served as the initial predictors, with 

one SIN measure as a response variable. To generate each environmental model, the 

“stepwiselm” function, was implemented in MATLAB with default parameters. The 

optimal predictors that remained after forward and backward stepwise selection are 

listed below the x-axis of each regression (Figure 5).  

The behavioural models were produced through stepwise regressions, similar to 

the environmental models. The following variables served as predictors and were fit to 

each SIN measure: movement, social spacing parameters (distance, angle and time) 

and the pairwise interaction variables (interaction duration, reciprocation, number of 

interactions; Figure 1). The purpose of these models was to explore how behavioural 

elements predict the complex SIN measures. Like the environmental models, the 

predictors that remained after forward and backward selection are listed below the x-

axis of each regression (Figure 5).  

Finally, the combined models were generated by combining and fitting the 

predictors of the associated environmental and behavioural models to each SIN 

measure (Figure 5). This was done to test if the environmental data, together with the 

behavioural data, improves the correlation to each SIN measure.  To test this, we 

compared the fit of the combined model to the behavioural model for each SIN measure 

through a likelihood ratio test. We justify that the comparison can be done against only 
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the behavioural models because their R2 value was consistently better than the 

environmental models for each SIN measure. Significant results indicate the 

combination of behavioural and environmental variables are better at modeling the SIN 

measures than either the behavioural variables or environmental variables alone. In 

total, 10 variables had behavioural and combined models generated and compared (see 

Figure 5, Figures S2-S4). Therefore, we considered α ≤ 0.005 as significant through a 

Bonferroni correction. In addition, we also validated the quality of the combined models, 

relative to the behavioural models, by comparing their Akaike Information Criterion 

(AICc) values. 

We characterized the behavioural elements in a hierarchy, where movement is 

level one, social spacing is level two, pairwise interactions are level three, and SINs are 

level four (Figure 1). Separate environmental models, behavioural models and 

combined models were generated using level two and three variables as response 

variables. To generate level three behavioural models, level one and two variables 

(movement, social spacing) served as predictors. To generate level two behavioural 

models, the level one variable (movement) served as a predictor. Both male and female 

data were pooled in these regression analyses since the SIN and behavioural measures 

contain significant sex by species interaction effects (Figure 2-3). All data points in the 

regression are the mean values for each behavioural measure.  

To explore whether total leg length and relative leg length predicts the level two 

distance parameter (social distance), we generated simple linear regressions in R. For 

each regression we excluded the outgroup, Ch. procnemis, since we were interested in 
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whether social distance correlated with the total and relative leg lengths of species 

belonging to the Drosophila genus. 

DATA AND CODE AVAILABILITY 

The behavioural videos supporting the current study have not been deposited in a 

public repository because of the immense size of the ~1000 videos but are available 

from the corresponding author on request. 

Supplemental Information 

Table S1-Related to Method Details: Summary of species stocks used for all 
experiments. All stocks purchased from the Drosophila Species Stock Centre are 
indicated. Where applicable, the geographic origin of the capture site of each stock is 
indicated. The approximate geographic coordinates of each stock are also indicated, 
and these were utilized for acquisition of climate data. 

 

Table S2-Related to Method Details: Interaction criteria of all 20 species for both 
male and female flies. Interaction criteria in bold are values that were used to over-ride 
the automated estimations (see methods). 

 

Table S3-Related to Figure 4: Leg lengths of all 20 species for male flies. Mean 
front, middle, and rear legs were measured and a total mean leg length was calculated. 

 

Table S4-Related to Figure 4: Mean body size of all 20 species for male flies. Body 
sizes were calculated from tracked videos and averaged for each species. 

 

Figure S1-Related to Method Details and Figure 3: Ability to form SINs for the 
male dataset (blue) and female dataset (red). The x-axis is expressed as a 
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percentage of the number of videos with at least one SIN iteration divided by the total 
number of videos acquired for each species. There are no differences across species in 
their ability to form networks (p = 1; χ2 goodness of fit test). The total number of videos 
that formed SINs are as follows:  D. melanogaster: n= 46 (male), n=48 (female); 
D.sechellia: n=22 (male), n=22 (female); D. mauritiana: n=26 (male), n=27 (female); D. 
santomea: n=21 (male), n=23 (female); D. yakuba: n=24 (male), n=26 (female); 
D.erecta: n=23 (male), n=21 (female); D. bipectinata: n=22 (male), n=24 (female); D. 
ananassae: n=23 (male), n=25 (female); D. persimilis: n=23 (male), n=25 (female); D. 
willistoni: n=23 (male), n=24 (female); D.paramelanica: n=22 (male), n=18 (female); D. 
melanica: n=22 (male), n=21 (female); D. mojavensis: n=25 (male), n=25 (female); D. 
buzzatii: n=23 (male), n=21 (female); D. hydei: n=25 (male), n=24 (female); D. 
novamexicana: n=24 (male), n=22 (female); D. virilis: n=25 (male), n=27 (female); D. 
immigrans: n=23 (male), n=22 (female); Ch. procnemis: n=20 (male), n=21 (female). 

 

Figure S2-Related to Figure 1: Environmental model for the level 1 variable 
Movement. For the regression, each data point represents the mean SIN measure for a 
single species. The mean SIN measure for groups of male flies and female flies were 
pooled into each regression and are labeled with red and blue points, respectively. The 
solid trend line indicates line of best fit and dashed lines indicate 95% confidence 
interval of the model. The equation for this model is listed below the x-axis. 

 

Figure S3-Related to Figure 1: Environmental, behavioural and combined models 
for the level 2 social spacing variables: Distance, Angle and Time. For all 
regressions, each data point represents the mean SIN measure for a single species. 
The mean SIN measure for groups of male flies and female flies were pooled into each 
regression and are labeled with red and blue points, respectively. Each solid trend line 
indicates line of best fit and dashed lines indicate 95% confidence interval of the model. 
A) No significant behavioural model formed for distance, therefore no combined model 
to report. The environmental model (Equation 1 predicts social distance (R2 = 0.255, p = 
0.00164). B) No significant behavioural model formed for angle, therefore no combined 
model to report. The environmental model (Equation 2) predicts angle (R2 = 0.145, p = 
0.0087). C) The environmental model (Equation 3) predicts time (R2 = 0.16, p = 0.0062). 
The behavioural model (Equation 4) predicts time (R2 = 0.0837, p = 0.039). The 
combined model significantly improves prediction of time compared to the behavioural 
model alone (Combined AICc < Behavioural AICc; p = 0.0003, likelihood ratio test). 
Equation 1: y = 1.80 – 0.071*[PC1] – 0.13*[PC5]. Equation 2: y = 106.3 + 4.71*[PC1]. 
Equation 3: y = 0.99 + 0.077*[PC1]. Equation 4: y = 1.21 – 0.061*[movement]. 
Equation 5: y = 1.28 + 0.091*[PC1] – 0.078*[movement]. 
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Figure S4-Related to Figure 1: Environmental, behavioural and combined models 
for the level 3 variables interaction duration (Interaction Δt), number of 
interactions (Interaction #), and reciprocation. For all regressions, each data point 
represents the mean SIN measure for a single species. The mean SIN measure for 
groups of male flies and female flies were pooled into each regression and are labeled 
with red and blue points, respectively. Each solid trend line indicates line of best fit and 
dashed lines indicate 95% confidence interval of the model. A) The environmental 
model (Equation 1) predicts interaction duration (R2 = 0.382, p = 0.0003). The 
behavioural model (Equation 2) predicts interaction duration (R2 = 0.553, p < 0.0001). 
The combined model (Equation 3) does not significantly improve the prediction of 
interaction duration compared to the behavioural model alone (Combined AICc =~ 
Behavioural AICc; p = 0.0182, likelihood ratio test). B) The environmental model 
(Equation 4) predicts number of interactions (R2 = 0.20772, p = 0.005). The behavioural 
model (Equation 5) predicts number of interactions (R2 = 0.538, p < 0.0001). The 
combined model does not significantly improve the prediction of number of interactions 
compared to the behavioural model alone (Combined AICc =~ Behavioural AICc; p = 
0.1594, likelihood ratio test). C) The environmental model (Equation 7) predicts 
reciprocation (R2 = 0.122, p = 0.034). The behavioural model (Equation 8) predicts 
reciprocation (R2 = 0.879, p < 0.0001). The combined model (Equation 9) does not 
significantly improve the prediction of reciprocation compared to the behavioural model 
alone (Combined AICc =~ Behavioural AICc; p = 0.153, likelihood ratio test). Equation 
1: y = 8.17 – 0.76*[PC2] + 1.02*[PC3] + 2.31*[PC5]. Equation 2: y = 6.54 – 
1.25*[movement] + 0.045*[angle]. Equation 3: y = 6.99 – 0.23*[PC2] + 0.47*[PC3] + 
1.47*[PC5] – 0.93*[movement] + 0.038*[angle]. Equation 4: y = 1398 + 220*[PC4] – 
336*[PC5]. Equation 5: y = 1001 + 213*[movement] – 406*[time]. Equation 6: y = 1100 
+ 91.5*[PC4] – 151*[PC5] + 183*[movement] – 387*[time]. Equation 7: y = 0.39 + 
0.011*[PC3]. Equation 8: y = 0.21 – 0.0065*[movement] + 0.014*[social distance] + 
0.0017*[angle] – 0.025*[time]. Equation 9: y = 0.22 + 0.0028*[PC3] – 
0.0061*[movement] + 0.01*[social distance] + 0.0017*[angle] – 0.025*[time]. 

 

Figure S5-Related to Figure 3: Relative species differences between D. 
melanogaster (CS), D. sechellia (SEC), D. yakuba (YAK), D. mojavensis (MOV), D. 
paramelanica (PARA) are replicated in male flies between pilot data (Experiment 
1; left panels) and extended data (Experiment 2; right panels). All figures are 
boxplots which outline the distribution of the z-scores for all four SIN measures. Letters 
above each box indicate statistically distinct groups from a Kruskal-Wallis one-way 
ANOVA followed Tukey-Kramer post-hoc tests. 
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Figure S6-Related to Figure 3: Relative species differences between D. 
melanogaster (CS), D. sechellia (SEC), D. yakuba (YAK), D. mojavensis (MOV), D. 
paramelanica (PARA) are replicated in female flies between pilot data (Experiment 
1; left panels) and extended data (Experiment 2; right panels). All figures are 
boxplots which outline the distribution of the z-scores for all four SIN measures. Letters 
above each box indicate statistically distinct groups from a Kruskal-Wallis one-way 
ANOVA followed Tukey-Kramer post-hoc tests.  

 

Figure S7-Related to Figure 5: The first 5 principal components of the climatic 
measures, extracted from each species geographic origin, account for 92% of the 
variance across the 19 variables. Each bar represents the percentage of variance 
explained by the first 10 dimensions. Because the rate of decrease reduces after 
dimension 5, the first 5 dimensions were used to represent the environmental variables 
for all regression analyses. 
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