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Theory predicts that social interactions are dynamically linked to phenotype. Yet

because social interactions are difficult to quantify, little is known about the

precise details on how interactivity is linked to phenotype. Here, we deployed

proximity loggers on North American barn swallows (Hirundo rustica erythroga-
ster) to examine intercorrelations among social interactions, morphology and

features of the phenotype that are sensitive to the social context: stress-induced

corticosterone (CORT) and gut microbial diversity. We analysed relationships at

two spatial scales of interaction: (i) body contact and (ii) social interactions occur-

ring between 0.1 and 5 m. Network analysis revealed that relationships between

social interactions, morphology, CORT and gut microbial diversity varied

depending on the sexes of the individuals interacting and the spatial scale of

interaction proximity. We found evidence that body contact interactions were

related to diversity of socially transmitted microbes and that looser social

interactions were related to signalling traits and CORT.
1. Introduction
Social interactions are predicted to reflect and respond to variation in pheno-

typic traits [1,2]. However, we often lack detailed information about social

interactivity to fully understand these relationships. Social network analysis

is an analytical framework used to characterize social structure at different

organizational levels [3]. By quantifying social interactions, we can analyse

associations between phenotypic variation and position in the social network.

Interactivity during the breeding season is predicted to correlate with mate

selection signals. For example, North American barn swallow females have

been shown experimentally to allocate paternity to males with darker ventral

plumage [4], suggesting that dark males interact with additional females

beyond their social mate. Other aspects of the phenotype might also be

correlated with interactivity, particularly traits connected to social stress

(glucocorticoid hormones, corticosterone (CORT) or cortisol [5]) and social

transmission (parasites, gut microbes [6–8]).

Social interactions, gut microbial diversity and CORT have never been

examined simultaneously in the wild despite evidence suggesting coordination

among these traits. For example, research in mammalian systems indicates that

gut microbes are socially transmitted via close contact [7,8], and that higher

CORT levels have been associated with lower microbial diversity [9]. If acquir-

ing a diverse gut microbial community depends on social behaviour, and social

behaviour correlates with circulating CORT levels (e.g. [10]), there may be

trade-offs between social behaviour, stress physiology and gut microbial

diversity.
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Here, we fitted barn swallows (Hirundo rustica erythrogaster)
with proximity loggers (radio devices that communicate

directly with one another [11,12]) to characterize barn swallow

interaction networks and relate morphology, stress-induced

CORT response and gut microbial diversity to network pos-

ition. We predicted that gut microbial diversity would be

correlated with interactions at close proximity, because contact

is necessary for microbial transmission, and that morphological

signals would be associated with social affiliations at larger

proximities, based on the assumption that these proximities

are relevant for visual signalling. Therefore, we constructed

interaction networks from two spatial proximities (social

affiliation (social network) and body contact (contact network))

to assess the influence of scale of interaction proximity on

relationships between interactivity and aspects of phenotype.
 :20160352
2. Material and methods
(a) Study system and proximity loggers
We studied a medium-sized population of barn swallows (n ¼ 25

individuals) in Boulder County, Colorado (40807057.600 N,

105810040.100 W) during second clutch initiation (19–30 July

2014). We tagged 21 adult birds with Encounternet proximity

loggers. Tags turned on 3 days after we started tagging birds

and recorded from 6.00 to 9.00 and from 17.00 to 20.00 each

day, when birds were most active. Details, including validation

tests, of Encounternet tags can be found in Levin et al. [11].

(b) Morphological measurements
We weighed each bird, measured wing and tail streamer length

and collected ventral feathers. Details on feather spectrometry

and principal component analysis of colour data are in the

electronic supplementary material.

(c) Stress-induced corticosterone assay
Birds were subjected to a standardized restraint (held solitarily

for 15 min [13]) prior to blood sampling. Sampling details are

in the electronic supplementary material. We used an enzyme

immunoassay kit (Enzo Life Sciences, Plymouth Meeting, PA,

ADI-900-097) to quantify CORT levels in plasma using a protocol

optimized for barn swallows [13]. Standards and samples were

run in duplicate and average intra-assay variation was 7.09%.

(d) Gut microbiome
We extracted DNA from faecal samples and amplified the V4 region

of the 16S rRNA gene with Golay barcoded primers 515F and 806R,

following the Earth Microbiome Project protocol (http://earthmi-

crobiome.org) [14]. Microbial diversity (Faith’s Phylogenetic

Diversity) was estimated for each sample as the average across

10 different rarefactions at 5000 reads. Details on gut microbial

analyses are in the electronic supplementary material.

(e) Social and contact networks
We obtained proximity data from 17 of the 21 tags (10 males and

seven females) and analysed interactions logged during the first

15 h of logging over 3 days when all tags were operational. We

constructed two networks with edges weighted by the number

of interactions logged by at least one tag at two spatial proximi-

ties: body contact interactions (0.1 m and closer, contact network),

and all other interactions recorded, corresponding to proximities

between 0.1 and 5 m (social network) [11]. We split the two

networks into male–male (M-M), female–female (F-F) and

male–female (M-F) networks because of the potential for
different relationships between morphological and physiological

traits and inter- and intrasexual interactions. We used node

strength, the sum of all interactions for a focal node, as a measure

of interactivity. We visualized networks and calculated node

strength using the igraph package in R v. 3.2.2 [15].

( f ) Statistical analyses
We examined correlations between and among male and

female node strength and traits and between traits themselves

(electronic supplementary material, figures S1 and S2). Single-

variable regression analyses were performed to quantify the

association between sex-specific node strength and morphologi-

cal and physiological traits. Jackknife resamplings [16] were

used to assess robustness and statistical significance was assessed

using permutation tests. R code is provided in the electronic

supplementary material and the data are archived in Dryad [17].
3. Results
Male ventral colour, tail streamer length and stress-induced

CORT were inter-correlated in this sample (r ¼ 0.61–0.88);

males dark in colour tended to have higher CORT levels and

longer streamers. We found positive relationships between

male node strength in the male–female social network and

male ventral colour, streamer length and CORT response

(figure 1 and table 1). Darker, redder males with long tail strea-

mers and greater stress-induced CORT responses were more

socially interactive with females.

Stress-induced CORT and gut microbial diversity explained

a significant amount of variation in node strength in various

contact sub-networks (table 1). CORT was positively associated

with male node strength in the male–male network (figure 1d).

The direction of the relationship between contact node strength

and gut microbial diversity differed between the sexes: males

with more contacts with other males had lower microbial

diversity (figure 1e), while females with more contacts with

males had higher microbial diversity (figure 1f ).
4. Discussion
Social interactions are hypothesized to underlie the coordination

of phenotypic traits [1,2], yet little is known about the fine-scale

details of these behaviours. Here, network analyses based on

inter-individual interactions at known spatial proximities reveal

that the scale of interaction proximity is important for under-

standing what traits mediate—or correlate with—social

behaviour in swallows. As predicted, social interactions between

males and females were strongly associated with variation in

male morphology (and stress response), while body contact inter-

actions among males and between males and females were

associated only with stress reactivity and gut microbial diversity.

Ventral colour is a known mate selection signal in North

American barn swallows [4,18]. Experimental darkening of

male plumage resulted in increased testosterone levels one

week later [19]. Because animals experience their phenotype

via interactions with conspecifics, these physiological changes

in response to colour manipulation could result from altered

social experience. Our findings reported here, where darker

males (with longer streamers and higher CORT responses)

were more interactive with females, support the hypothesis

that social behaviour mediates the physiological changes

associated with the colour manipulation.
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Figure 1. Barn swallow social and contact networks. Grey nodes, males; white nodes, females; black nodes, individuals missing trait values. Node number corre-
sponds to bird ID. Node size is scaled and ordered by trait value. (a – c) Male – female social network of interactions occurring between 0.1 and 5 m ((a) M node
size ¼ ventral colour, (b) M node size ¼ tail streamer length and (c) M node size ¼ stress-induced corticosterone). (d,e) Male – male contact network of inter-
actions within 0.1 m ((d ) node size ¼ stress-induced corticosterone and (e) node size ¼ gut microbial diversity). ( f ) Female – male contact network (F node
size ¼ gut microbial diversity).

Table 1. Regression analyses of social (interactions between 0.1 and 5 m) and contact (interactions within 0.1 m) network node strength on morphology,
stress-induced CORT and gut microbial diversity. In cases where jackknife p-values were .0.05, only one resampling failed to support the relationship.

network covariate n r2 coefficient ( jackknife range) p-value ( jackknife range)

male node strength in M-F

social network

ventral colour 10 0.47 6.33 (4.03, 7.44) 0.013 (0.007, 0.128)

tail streamer length 9 0.71 3.84 (2.84, 4.49) 0.003 (0.002, 0.019)

stress-induced CORT 10 0.48 0.42 (0.26, 0.56) 0.014 (,0.001, 0.209)

male node strength in M-M

contact network

stress-induced CORT 10 0.40 0.10 (0.07, 0.12) 0.045 (0.009, 0.286)

microbial diversity 9 0.40 20.85 (21.03, 20.32) 0.038 (0.008, 0.597)

female node strength in F-M

contact network

microbial diversity 7 0.84 1.38 (1.07, 1.37) 0.005 (0.001, 0.11)
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Our finding that a male’s tail streamer length was predictive

of the frequency of social interactions with females may suggest

that older males were more interactive. In North American

populations of barn swallows, male tail streamers increase

with age [20]. North American barn swallow females do not

show any preference for longer tail streamers [18]; however,

unlike Safran & McGraw [18], we found that tail streamer

length and ventral colour were correlated for males in this study.

We found that stress-induced CORT was associated with

male network position at both scales. In bird species that show
linear dominance hierarchies, more dominant individuals are

more stress-reactive (e.g. [21]). Therefore, it is possible that the

more interactive swallows that had higher acute stress responses

were socially dominant, consistent with increased access to and

interactivity with females. Higher CORT levels might also facili-

tate gregarious behaviour; a study in captive birds demonstrated

that young birds treated with CORT were more interactive in the

social network upon nutritional independence [5].

Social transmission of symbiotic microbes is increasingly

recognized as a benefit of sociality [22]. Social interactions

http://rsbl.royalsocietypublishing.org/
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influence the composition of gut microbial communities [8,23],

and there is evidence that the gut microbiome can alter host

social behaviour [22]. Male swallows that were more interactive

with other males in the contact network had lower gut microbial

diversity and females who had more contacts with males had

higher diversity. One explanation involves the positive relation-

ship observed in males between contact interactivity and

stress-induced CORT. The gut microbial communities of mice

subjected to chronic restraint stress differed from mice not

exposed to the stressor [24] and wild squirrels with higher

CORT levels had reduced oral microbiome diversity [9].

Therefore, high male–male interactivity and stress could nega-

tively affect male gut microbial diversity. However, increased

interactivity between females and males could expose females

to more microbes; for example, there is evidence of greater

male-to-female microbial transfer during copulation [25].
160352
5. Conclusion
This research demonstrates that aspects of morphology, stress

physiology and gut microbial diversity are related to interac-

tivity, which has often been inferred but rarely tested,
especially in situations where these traits predict reproductive

performance. Our work also reveals that an analysis of differ-

ent scales of inter-individual connectivity has important

implications for understanding the dynamic relationships

among social interactions and aspects of phenotype.

Ethics. Research was approved by University of Colorado IACUC no.
1303.02.

Data accessibility. The datasets supporting this article can be accessed
in Dryad (http://dx.doi.org/10.5061/dryad.3jn35).

Authors’ contributions. I.I.L. and R.J.S. designed the study, I.I.L. and
D.M.Z. did the fieldwork, and I.I.L. and B.K.F. analysed the network
data with input from R.J.S., D.M.Z. and R.K. S.J.S. analysed the
microbial data. I.I.L. and R.J.S. wrote the manuscript with input
from D.M.Z, B.K.F., R.K. and S.J.S. All authors gave final approval
for publication and agree to be accountable for all aspects of the work.

Competing interests. We have no competing interests.

Funding. Funding was provided by a University of Colorado Innova-
tive Seed Grant award and by the Earth Microbiome Project. I.I.L.
was supported by a National Science Foundation Postdoctoral
Research Fellowship (grant no. 1306059).

Acknowledgements. We thank J. Burt, K. Donohue, J. Hubbard, A. Hund,
B. Jenkins, and R. Rao for assistance, T. Tsunekage, the Safran Lab,
and D. Farine for feedback on earlier drafts, and the Bowmans for
access to their barn.
References
1. Vitousek MN, Zonana DM, Safran RJ. 2014 An
integrative view of the signaling phenotype:
dynamic links between signals, physiology, behavior
and social context. Curr. Zool. 60, 739 – 745.
(doi:10.1093/czoolo/60.6.739)

2. Tibbets EA. 2014 The evolution of honest
communication: integrating social and physiological
costs of ornamentation. Integr. Comp. Biol. 54,
578 – 590. (doi:10.1093/icb/icu083)

3. Pinter-Wollman N et al. 2014 The dynamics of
animal social networks: analytical, conceptual, and
theoretical advances. Behav. Ecol. 25, 242 – 255.
(doi:10.1093/beheco/art047)

4. Safran RJ, Neuman CR, McGraw KJ, Lovette IJ. 2005
Dynamic allocation as a function of male plumage
color in barn swallows. Science 309, 2210 – 2212.
(doi:10.1126/science.1115090)

5. Boogert NJ, Farine DR, Spencer KA. 2014
Developmental stress predicts social network position.
Biol. Lett. 10, 20140561. (doi:10.1098/rsbl.2014.0561)

6. Keeling MJ, Eames KTD. 2005 Networks and
epidemic models. J. R. Soc. Interface 2, 295 – 307.
(doi:10.1098/rsif.2005.0051)

7. Song SJ et al. 2013 Cohabiting family members share
microbiota with one another and with their dogs.
eLIFE 2, e00458. (doi:10.7554/eLife.00458)

8. Tung J et al. 2015 Social networks predict gut
microbiome composition in wild baboons. eLIFE 4,
e05224. (doi:10.7554/eLife.05224)

9. Stothart MR, Bobbie CB, Schulte-Hostedde AI,
Boonstra R, Palme R, Mykytczuk NCS, Newman
AEM. 2016 Stress and the microbiome: linking
glucocorticoids to bacterial community dynamics in
wild red squirrels. Biol. Lett. 12, 20150875. (doi:10.
1098/rsbl.2015.0875)
10. Ouyang JQ, Sharp P, Quetting M, Hau M.
2013 Endocrine phenotype, reproductive success, and
survival in the great tit, Parus major. J. Evol. Biol. 26,
1988 – 1998. (doi:10.1111/jeb.12202)

11. Levin II, Zonana DM, Burt JM, Safran RJ. 2015
Performance of Encounternet tags: field tests of
miniaturized proximity loggers for use on small
animals. PLoS ONE 10, e0137242. (doi:10.1371/
journal.pone.0137242)

12. Rutz C, Morrissey MB, Burns ZT, Burt J, Otis B,
St Clair JJ, James R. 2015 Calibrating animal-borne
proximity loggers. Methods Ecol. Evol. 6, 656 – 667.
(doi:10.1111/2041-210X.12370)

13. Jenkins BR, Vitousek MN, Safran RJ. 2013
Signaling stress? An analysis of phaeomelanin-based
plumage color and individual corticosterone levels at
two temporal scales in North American barn
swallows, Hirundo rustica erythrogaster. Horm.
Behav. 64, 665 – 672. (doi:10.1016/j.yhbeh.2013.08.
006)

14. Caporaso JG et al. 2012 Ultra-high-throughput
microbial community analysis on the Illumina HiSeq
and MiSeq platforms. ISME J. 6, 1621 – 1624.
(doi:10.1038/ismej.2012.8)

15. R Core Team. 2014 R: A language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. (http://www.
r-project.org)

16. Miller RG. 1974 The jackknife – a review.
Biometrika 61, 1 – 15. (doi:10.1093/biomet/61.1.1)

17. Levin II, Zonana DM, Fosdick BK, Song SJ, Knight R,
Safran RJ. 2016 Data from: Stress response, gut
microbial diversity, and sexual signals correlate with
social interactions. Dryad Digital Repository. (doi:10.
5061/dryad.3jn35)
18. Safran RJ, McGraw KJ. 2004 Plumage coloration, not
length or symmetry of tail-streamers, is a sexually
selected trait in North American barn swallows. Behav.
Ecol. 15, 455 – 461. (doi:10.1093/behco/arh035)

19. Safran RJ, Adelman JS, McGraw KJ, Hau M.
2008 Sexual signal exaggeration affects physiological
state in male barn swallows. Curr. Biol. 18,
R461 – R462. (doi:10.1016/j.cub.2008.03.031)

20. Bradley RJ, Hubbard JK, Jenkins BR, Safran RJ.
2014 Patterns and ecological predictors of age-
related performance in female North American barn
swallows Hirundo rustica erythrogaster. Behav. Ecol.
Sociobiol. 68, 1883 – 1892. (doi:10.1007/s00265-
014-1797-5)

21. Poisbleau M, Fritz H, Guillon N, Chastel O. 2005 Linear
social dominance hierarchy and corticosterone responses
in male mallards and pintails. Horm. Behav. 47, 485 –
492. (doi:10.1016/j.yhbeh.2005.01.001)

22. Archie EA, Tung J. 2015 Social behavior and the
microbiome. Curr. Opin. Behav. Sci. 6, 28 – 34.
(doi:10.1016/j.cobeha.2015.07.008)

23. Moeller AH, Foerster S, Wilson ML, Pusey AE, Hahn
BH, Ochman H. 2016 Social behavior shapes the
chimpanzee pan-microbiome. Sci. Adv. 2, e1500997.
(doi:10.1126/sciadv.1500997)

24. Bailey MT, Dowd SE, Galley JD, Hufnagle AR, Allen
RG, Lyte M. 2011 Exposure to a social stressor alters
the structure of the intestinal microbiota:
implications for stressor-induced
immunomodulation. Brain Behav. Immun. 25,
397 – 407. (doi:10.1016/j.bbi.2010.10.023)

25. Kulkarni S, Heeb P. 2007 Social and sexual
behaviours aid transmission of bacteria in birds.
Behav. Process. 74, 88 – 92. (doi:10.1016/j.beproc.
2006.10.005)

http://dx.doi.org/10.5061/dryad.3jn35
http://dx.doi.org/10.5061/dryad.3jn35
http://dx.doi.org/10.1093/czoolo/60.6.739
http://dx.doi.org/10.1093/icb/icu083
http://dx.doi.org/10.1093/beheco/art047
http://dx.doi.org/10.1126/science.1115090
http://dx.doi.org/10.1098/rsbl.2014.0561
http://dx.doi.org/10.1098/rsif.2005.0051
http://dx.doi.org/10.7554/eLife.00458
http://dx.doi.org/10.7554/eLife.05224
http://dx.doi.org/10.1098/rsbl.2015.0875
http://dx.doi.org/10.1098/rsbl.2015.0875
http://dx.doi.org/10.1111/jeb.12202
http://dx.doi.org/10.1371/journal.pone.0137242
http://dx.doi.org/10.1371/journal.pone.0137242
http://dx.doi.org/10.1111/2041-210X.12370
http://dx.doi.org/10.1016/j.yhbeh.2013.08.006
http://dx.doi.org/10.1016/j.yhbeh.2013.08.006
http://dx.doi.org/10.1038/ismej.2012.8
http://www.r-project.org
http://www.r-project.org
http://www.r-project.org
http://dx.doi.org/10.1093/biomet/61.1.1
http://dx.doi.org/10.5061/dryad.3jn35
http://dx.doi.org/10.5061/dryad.3jn35
http://dx.doi.org/10.1093/behco/arh035
http://dx.doi.org/10.1016/j.cub.2008.03.031
http://dx.doi.org/10.1007/s00265-014-1797-5
http://dx.doi.org/10.1007/s00265-014-1797-5
http://dx.doi.org/10.1016/j.yhbeh.2005.01.001
http://dx.doi.org/10.1016/j.cobeha.2015.07.008
http://dx.doi.org/10.1126/sciadv.1500997
http://dx.doi.org/10.1016/j.bbi.2010.10.023
http://dx.doi.org/10.1016/j.beproc.2006.10.005
http://dx.doi.org/10.1016/j.beproc.2006.10.005
http://rsbl.royalsocietypublishing.org/

	Stress response, gut microbial diversity and sexual signals correlate with social interactions
	Introduction
	Material and methods
	Study system and proximity loggers
	Morphological measurements
	Stress-induced corticosterone assay
	Gut microbiome
	Social and contact networks
	Statistical analyses

	Results
	Discussion
	Conclusion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


