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A B S T R A C T   
 

While it is generally accepted that social isolation has detrimental effects on social species, little is known about 

the importance of social interactions in less social species–particularly for wild reproductive females. We studied 

socially-flexible yellow-bellied marmots (Marmota flaviventer) and asked whether features of the social en- 

vironment are associated with maternal fecal glucocorticoid metabolite (FGM) concentrations. Since changes in 

maternal baseline glucocorticoids may have positive or negative consequences for offspring fitness, we were also 

interested in estimating their relationship with measures of reproductive success. We fitted generalized linear 

mixed effects models to a dataset including maternal FGM measurements, social network metrics, maternal/ 

alloparental care, and pup FGM and survival. Agonistic interactions were positively associated with maternal 

FGM levels, while mothers that engaged in relatively more affiliative interactions had reduced FGM levels when 

living in environments with low predator pressure. Pups associated with mothers exhibiting high FGM levels had 

low annual survival rates, received less maternal/alloparental care and had higher FGM levels. Interestingly, 

offspring from mothers with high FGM levels were more likely to survive the summer when born in small litters. 

In sum, social interactions likely influence and are influenced by glucocorticoid levels of facultatively social 

females. Potential benefits of social bonds may be context-specific, and agonistic interactions may be tightly 

correlated with fitness. Female marmots exhibiting high FGM levels had overall low reproductive success, which 

is predicted by the cort-fitness hypothesis. However, under adverse conditions, offspring summer survival can be 

maximized if pups are born in small litters. 

 
 

 

1. Introduction 

The social environment—defined as the set of all interactions be- 

tween an individual and its conspecifics—may challenge individuals 

but may also promote well-being and/or modify their ability to cope 

with adversity (Beery and Kaufer, 2015; Cohen, 2004; Holt-Lunstad  

et al., 2010). In nature, ecological and demographic factors modify 

social environments (Armitage and Downhower, 1974; Barash, 1974; 

Blumstein, 2013; Iossa et al., 2008; Klein et al., 2017; Negrin et al., 

2016; Ondrasek et al., 2015; Pasinelli and Walters, 2002), and the de- 

gree to which social changes impact individuals depends on a variety of 

contextual factors, including group size, type of interactions, species 

social organization, sex and age (Anisman and Merali, 1999; Cohen, 

2004; Hall, 1998; Palanza et al., 2001). 

The consequences of the social environment on individuals are often 

studied by manipulating group composition or structure in captive, 

domesticated species (Cruces et al., 2014). Such studies may not be 

applicable to wild populations since artificially selected lineages may 

have altered social phenotypes (Chalfin et al., 2014; Künzl et al., 2003; 

Künzl and Sachser, 1999), and behavioral and endocrine responses 

have evolved in contexts characterized by multiple stressors. In addi- 

tion, most in situ studies have been conducted on highly social mam- 

mals. For instance, while it is generally accepted that social isolation is 

a risk factor for mortality, and affiliative behavior lowers stress levels in 

social species (House et al., 1988; Sapolsky et al., 1997; Holt-Lunstad 

et al., 2010; Cruces et al., 2014), little is known about the effects of the 

social environment on individuals of less social species (Ferron, 1985; 

Maher, 2009; Yoerg, 1999). In fact, Blumstein et al. (2018) found that 

the strength of affiliative social relationships is negatively associated 

with longevity in yellow-bellied marmots (Marmota flaviventer), em- 

phasizing that studies on less social species may provide insightful 

perspectives in this field. 
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Furthermore, physiological and behavioral responses to social con- 

ditions have been mostly studied in males (Palanza et al., 2001; Palanza 

and Parmigiani, 2017; Pittet et al., 2017; Taylor et al., 2000). Yet, sex 

differences in the perception of the social environment are expected due 

to sex-specific social roles (Kudielka and Kirschbaum, 2005; Palanza 

et al., 2001; Palanza and Parmigiani, 2017; Stroud et al., 2002). Since 

female mammals generally invest more in their offspring, female re- 

sponsiveness to social variation may be essential for the wellbeing of 

both females and their young (Taylor et al., 2000). In this respect, the 

strength and stability of female social bonds may be key predictors of 

fitness (Palanza and Parmigiani, 2017; Stroud et al., 2002; Taylor et al., 

2000). 

Exposure to challenging conditions that disrupt homeostasis and 

cause mental or physical tension promotes the activation of pathways 

that culminate in the production of glucocorticoid hormones (Anisman 

and Merali, 1999; Cruces et al., 2014; Sapolsky et al., 2000; Sheriff    

et al., 2010). Due to their role in coping responses, glucocorticoid 

hormones (GC) and their metabolites are often used to measure stress 

levels in ecological and psychosocial studies (Sheriff et al., 2010; Sheriff 

and Love, 2013; Wey et al., 2015). Here, we evaluate how both af- 

filiative and agonistic aspects of the social environment are associated 

with maternal fecal glucocorticoid metabolites (FGM) levels in fa- 

cultatively social, yellow-bellied marmots. 

Wild female marmots can live alone or form kin groups (Armitage 

and Schwartz, 2000). While large group sizes are characterized by more 

agonistic interactions and reproductive suppression (Armitage and 

Schwartz, 2000), group living may also have advantages since solitary 

females occupy suboptimal environments (Armitage and Downhower, 

1974) and exhibit more vigilant behavior than females in groups (Mady 

and Blumstein, 2017). Group living may be particularly important to 

mothers and their offspring (Blumstein et al., 2016) because pups are 

extremely vulnerable to predators (Wey and Blumstein, 2012). Al- 

though Wey and Blumstein (2012) found no relationship between social 

context and FGM levels in females, their analysis did not use informa- 

tion on reproductive status, which may be an important determinant of 

female sensitivity to variation in the social environment (Ralph and 

Tilbrook, 2016; Reeder et al., 2004; Tu et al., 2005). 

Assuming that GC levels vary according to the magnitude of en- 

vironmental challenges, and that individuals facing greater challenges 

have lower fitness, the cort-fitness hypothesis predicts that baseline GC 

levels will be negatively associated with long-term survival and/or re- 

productive success (Bonier et al., 2009a, 2010). Due to conflicting re- 

sults in different taxa (Bonier et al., 2009b; Dipietro et al., 2006; 

Maguire and Mody, 2016; Sapolsky et al., 2000; Whirledge and 

Cidlowski, 2010), the efficiency of GC as a proxy of fitness should be 

validated in each species (Bonier et al., 2010). In yellow-bellied mar- 

mots, high concentrations of FGM are associated with an increased risk 

of mortality (Wey et al., 2015). However, females with higher FGM 

levels wean larger litters (Blumstein et al., 2016), indicating a higher 

reproductive output. Because about half of the pups are either killed by 

predators or fail to survive their first winter (Armitage and Downhower, 

1974), the relationship between maternal FGM levels and offspring 

survival should be further investigated for a better understanding of 

female reproductive success under sub-optimal conditions. 

Maternal response to sub-optimal conditions may be adaptive when 

it reliably prepares offspring for their future environments (Sheriff and 

Love, 2013). Cues received during early life trigger developmental 

plasticity that may be beneficial later in life (Bateson et al., 2014). In 

this regard, maternal care may provide such cues (Klaus et al., 2013) 

and is known to directly affect offspring development and brain func- 

tion (Curley et al., 2011; Curley and Champagne, 2016; Luby et al., 

2012; Weaver et al., 2004). Female yellow-bellied marmots engage in 

maternal care by grooming and interacting affiliatively with offspring, 

as well as by alarm calling (Blumstein et al., 1997). Female marmot 

FGM levels have been shown to be significantly associated with litter 

size, offspring sex ratio, dispersal behavior and personality (Monclús 

et al., 2011; Petelle et al., 2017). We ask whether maternal care, 

measured through female-pup interactions and maternal antipredator 

behavior, is associated with maternal FGM levels. 

Here, we use long-term data on a wild population to study the as- 

sociation between the social environment and FGM levels of faculta- 

tively social females, and the impact of their FGM levels on offspring 

fitness. To do so, we (1) estimated the association between maternal 

FGM levels and social network metrics calculated from affiliative and 

agonistic interactions; (2) investigated whether female FGM levels are 

associated with their antipredator behavior and interactions with pups; 

and (3) measured the association between maternal FGM and both 

offspring FGM levels and offspring survival. 

2. Methods 

2.1. Data collection 

We analyzed 10 years (2005–2012, 2014, 2015) of behavioral and 

trapping data collected from females and their offspring in free-living 

yellow-bellied marmots in and around the Rocky Mountain Biological 

Laboratory (38°57′N, 106°59′W; 2900 m elevation; Gunnison County, 

Colorado, USA; Blumstein, 2013). This research was performed under 

the University of California, Los Angeles Institutional Animal Care and 

Use protocol (2001–191-01, renewed annually) and with permits from 

Colorado Parks and Wildlife (TR917, renewed annually). 

Trapping sessions occurred biweekly from May to mid-September 

(details in Blumstein et al., 2016; Wey et al., 2015). We trapped mar- 

mots with Tomahawk live traps (Tomahawk Live Trap Co., Tomahawk, 

WI) baited with Purina Omolene 100 Horse Feed (Purina Mills, LLC, 

Gray Summit, MO). At each capture, we recorded individual identifi- 

cation through fur mark and two uniquely numbered metal ear-tags 

(Monel self-piercing fish tags #3, National Band and Tag, Newport, KY, 

United States); individual sex and reproductive status; time and date of 

capture. We also collected hair and, when available, fecal material 

(Armitage, 1982). Fecal samples were collected from May to the end of 

July, only when feces were both fresh and could be clearly associated 

with the trapped individual, and were stored on ice and frozen at 

−20 °C within 2 h. Unique dorsal fur marks were drawn using black 

Nyanzol fur dye to identify individuals from afar during behavioral 

observations. 

Weather permitting, we performed daily behavioral observations 

during times of peak activity (0700–1000, and 1600–1900 h; Armitage, 

1962) from mid-April to mid-September. Observers used binoculars and 

15–45× spotting scopes, being positioned 20–150 m from marmot 

groups (Blumstein et al., 2009; Yang et al., 2017). Observers recorded 

individual identity, type of behavior, location and predator presence in 

an all-occurrence sampling scheme (details in Blumstein et al., 2009). 

Behavior types included alarm calling and 32 types of intraspecific in- 

teractions, grouped as agonistic for aggressive behaviors or affiliative 

for amicable ones (ethogram in Blumstein et al., 2009). For each in- 

teraction, we recorded the identity of initiators and recipients. We also 

quantified time allocated to antipredator vigilance with 2-min focal 

observations on foraging individuals (details in Blumstein et al., 2004, 

2010). Focals were scored in JWatcher 1.0 (Blumstein and Daniel, 

2007). 

To test how maternal fecal glucocorticoid metabolites (FGM) levels 

are associated with the social context and pup care, FGM and survival, 

we fitted (generalized) linear mixed effects models. The variables in- 

cluded in the models are explained below. 

Maternal and pup FGM – Free glucocorticoid hormones (GC), which 

are biologically active, are metabolized by the liver and excreted via 

urine and feces (Palme, 2005; Touma and Palme, 2005). Because of the 

accumulation of GC metabolites in the gut, FGM concentrations are less 

sensitive to episodic fluctuations in the hypothalamo-pituitary-adrenal 

axis activity, thus being less influenced by short-term stressors (Sheriff 

et al., 2010; Touma and Palme, 2005). Therefore, FGM concentrations 
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are an easy, effective, and non-invasive method to access changes in 

plasma free-GC concentrations in response to conditions that may last 

from several hours to days (Palme, 2005; Sheriff et al., 2010; Smith   

et al., 2012; Touma and Palme, 2005). 

Smith et al. (2012) validated this method in both captive and wild 

yellow-bellied marmots, describing significant rise in FGM levels with 

stressors (biological and physiological validation) and significant ef- 

fects of year, season, time of day, sex, age, reproductive status and 

individual identity. We use extensive, long-term individual level data 

collected from this yellow-bellied marmot population (Blumstein, 

2013) to control for these additional effects on GC levels that could 

confound our ability to isolate an effect of interest (Djurhuus et al., 

2004; Palme, 2005; Sapolsky et al., 2000). Thus, we used FGM con- 

centrations as a proxy of baseline stress levels (Palme, 2005; Sapolsky 

et al., 2000; Sheriff et al., 2010; Smith et al., 2012; Touma and Palme, 

2005). Marmot FGM levels rise 24 h after capture (Smith et al., 2012), 

therefore we only analyzed samples collected during an individual's 

first capture of each trapping session. FGMs were extracted using a 

double-antibody 125I radioimmunoassay kit (RIA; MP Biomedicals, 

Costa Mesa, CA) from samples within 6 months of collection (Smith  

et al., 2012). Details are described in Appendix A of Blumstein et al. 

(2006). Briefly, we boiled 0.2 g of thawed feces in 90% aqueous ethanol 

at 80 °C, centrifuged the solution, decanted the supernatant and re- 

peated the procedure. Supernatants were dried in a vacuum centrifuge 

and reconstituted with 1 ml of Absolute ethanol. We used 12.5 μl of this 

concentrated solution in a corticosterone RIA that was cross-reactive 

with cortisol but not other steroid hormones. RIAs were run in duplicate 

and if the CV was > 10% we reran samples. 

FGM concentration data were used differently depending on the 

model fitted. We used: (1) FGM concentrations measured from each 

fecal sample; (2) the mean of FGM concentrations from samples col- 

lected before a given female's litter emerged (hereafter, FGM before 

emergence mean); and (3) the mean of FGM concentrations from 

samples collected after a given female's litter emerged (hereafter, FGM 

after emergence mean). 

Pup care – Female-pup interaction and antipredator behavior were 

used as proxies for pup care. In marmot matrilines, more than one fe- 

male can breed in a season, and these share burrows and nurse non- 

offspring (Armitage and Gurri-Glass, 1994). Consequently, interactions 

among any female and any pup in a social group may represent pup 

care and have an important role in offspring phenotypic variation, as 

observed in other species (Bauer et al., 2015; Birnie et al., 2013; 

Branchi et al., 2006; Curley et al., 2009; Fleming et al., 2002; Sayler and 

Salmon, 1969). Thus, we measured whether reproductive females were 

observed interacting with pups or not during a season, including both 

mother-offspring and potential alloparental interactions (Blumstein and 

Armitage, 1999). Vigilance was measured as the proportion of time 

mothers spent vigilant in each 2-min focal animal sample. Propensity to 

alarm call was quantified based on observations of mothers seen calling 

or not during a season. 

Maternal age and litter emergence date – We analyzed only mothers 

of known age (i.e., they had been monitored since birth). We also re- 

corded the emergence date for each litter, defined as the first day in 

which the first pup from a litter was seen above ground. Because fe- 

males are observed and trapped frequently, we are able to detect lac- 

tating females and potential burrows with pups. Groups with lactating 

females are observed closely, and most litters were found as soon as 

they emerged. 

Social attributes – We used observed social interactions between all 

females older than one year to create two separate social networks, one 

that only considered affiliative interactions and one that only considered 

agonistic interactions. From each social network, we calculated 10 social 

attributes that captured various dimensions of marmot social behavior 

(Fuong et al., 2015; Wey and Blumstein, 2012), which are degree (in and 

out), strength (in and out), closeness (in and out), betweenness centrality, 

eigenvector centrality, embeddedness, and clustering coefficient: 

Degree represents the number of social partners an individual has. It 

is a directed measure such that in-degree represents the number of 

individuals that initiated an interaction with the focal animal while 

out-degree represents the number of individuals with which the 

focal animal initiated an interaction (Wasserman and Faust, 1994). 

Strength represents the total number of interactions the focal in- 

dividual received (in-strength) or initiated (out-strength) regardless 

of the number of social partners (Barrat et al., 2004). 

Closeness represents how closely the focal individual is connected to 

every other individual in the network and is calculated as the re- 

ciprocal of the sum of the shortest path lengths between a focal and 

every other individual (Wasserman and Faust, 1994; Wey et al., 

2008). A shortest path length of 1 represents individuals that in- 

teracted directly with each other while a shortest path length of 2 

represents individuals that are most closely connected to each other 

through one other individual. By including indirect social connec- 

tions, closeness is a measure that reflects how a focal individual can 

influence (out-closeness) or be influenced by (in-closeness) in- 

dividuals in the social network, even if they do not interact directly. 

The closer individuals are connected, the more influence they will 

have on one another. 

Betweenness centrality estimates how much focal individuals connect 

all other individuals in a network, and is therefore a measure of an 

individual's importance in maintaining group stability as well as its 

role as a potential “bridge” in information transfer. It is calculated as 

the proportion of shortest path lengths in the network that include 

the focal individual (Wey et al., 2008). 

Eigenvector centrality ranks individuals based on the quality of their 

connections. An individual has a high eigenvector centrality if it is 

connected to other high-ranking individuals. It is calculated as the 

eigenvector associated with the maximal eigenvalue of an adjacency 

matrix (Bonacich, 2007). 

Embeddedness is a measure of integration into a group. It identifies 

the greatest size of the cohesive subgroups to which the focal in- 

dividual belongs (Moody and White, 2003). Cohesive subgroups are 

groups within the greater social network in which each individual is 

independently connected to every other individual. 

Clustering coefficient reflects how densely the network is clustered 

around a focal individual. It uses the number of observed connec- 

tions among the focal individual's neighbors over the total possible 

connections (Wey et al., 2008). 

Although the social networks included non-reproductive females, 

only reproductive females were considered focal individuals. All social 

attributes were calculated in igraph package 0.7.0 (Csardi and Nepusz, 

2006) and R 3.3.1 (R Development Core Team, 2016). Because many of 

these social attributes are correlated (Wey and Blumstein, 2012), we 

used a principal component analysis to reduce them into uncorrelated 

measures (extractions based on eigenvalue > 1 with varimax rotation; 

SPSS 21.0; IBM Corp., Armonk, NY; IBM Corp 2012). 

Group size – Social groups are formed by individuals living in 

close proximity and more associated among themselves than with 

other individuals in the population (Maldonado-Chaparro et al., 

2015). We used data from individuals seen or trapped at least five 

times in a  given  year.  We  calculated  the  simple  ratio  index  

(SRI, Cairns and Schwager, 1987) from live-trapping and observation 

data for each pair of marmots using Socprog (Whitehead, 2009). We 

established the number and identity of individuals belonging to so- 

cial groups with the random walk algorithm in Map Equation 

(Rosvall et al., 2009). 

Litter size – Estimated during behavioral observations and trapping 

sessions. Relationships were further confirmed with parentage analysis, 

using DNA extracted from hair samples. We genotyped pups and fe- 

males with 8–12 microsatellite markers and estimated mother-offspring 

pairs using CERVUS 3.0 (Kalinowski et al., 2007). Details can be found 

in Blumstein et al. (2010). 

• 

• 

• 

• 

• 

• 

• 
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Pup survival – We obtained three estimates of pup survival rates per 

litter: summer, winter, and annual survival. Summer survival was cal- 

culated as the number of pups that survived until the end of the active 

season divided by litter size. Winter survival was the number of pups 

observed or trapped in the following summer divided by the number of 

pups that survived their first summer. Annual survival was the number 

of pups observed or trapped in the following summer divided by litter 

size. 

Predator index – Following Monclús et al. (2011), we calculated 

predator index as the proportion of observation sessions in which pre- 

dators were recorded, from April to June. Locations were classified as 

having high or low predator presence based on a median cut. Predators 

included: red fox (Vulpes vulpes), coyote (Canis latrans), American 

badger (Taxidea taxus), American black bear (Ursus americanus), do- 

mestic dog (Canis lupus familiaris), and several species of raptors and 

mustelids (Van Vuren, 2001). 

 
2.2. Statistical analysis 

According to the distribution of the dependent variable, we fitted 

linear mixed effects models (LMMs) or generalized linear mixed effects 

models with binomial distribution (binomial GLMMs). We used a top- 

down approach for model selection following Zuur et al. (2009). Initial 

models contained random effects (individual identity and year), fixed 

effects and interactions (Table S1), which were selected based on data 

availability and biological relevance. The optimal fixed component was 

found by dropping variables one-by-one and, in each turn, performing 

likelihood ratio tests (LMM) or analysis of deviance tests (binomial 

GLMM) to compare nested models. We computed the marginal and 

conditional R squared values for all final models to understand how 

much of the data variance is being explained by fixed and random ef- 

fects. 

We transformed variables as necessary, and scaled and centered 

continuous explanatory variables so that estimates would be com- 

parable. Specific data transformations in each model can be found in 

the Supplementary File S2. We evaluated the assumptions of the 

models by visually inspecting the correlation among variables, qq plots 

of residuals, plots of residuals with fitted values, and plots of residuals 

with each explanatory variable (present or not in the final model). We 

also calculated Cook's distance to look for influential observations and 

checked model fit by plotting fitted with observed values of the 

dependent variable. We used standardized residuals for LMMs, and 

deviance residuals for binomial GLMMs. For a better evaluation of 

plots with residuals from the binomial GLMMs, re- siduals were 

separated in groups of five based on the order of fitted values, and the 

average of these groups were used in the plots. Analyses were carried 

out in R 3.4.4 (R Core Team, 2018) using the packages lme4 1.1–14 

(Bates et al., 2015), and lmerTest 3.0–1 (Kuznetsova et al., 2017). 

Plots were generated using the packages 

Table 1 

ggplot2 3.0.0 (Wickham, 2016) and ggpubr 0.1.7. (Kassambara, 

2018). 

To test how the social context is associated with maternal FGM le- 

vels, we fitted separate LMMs for affiliative and agonistic interactions. 

Affiliative interactions are more common in yellow-bellied marmots 

than agonistic behavior, so we analyzed the data separately because of 

the differences in sample size. The fixed effects of the initial models 

(i.e., first step of the model selection) were group size, litter size, me- 

trics from social networks, predator index, maternal age and time/day 

of capture in which the fecal sample was collected. Interactions be- 

tween fixed effects can be found in Table S1. The dependent variable 

was maternal FGM concentrations measured from each fecal sample 

(ng/ml). 

To test the association between maternal FGM levels and pup care, 

we fitted binomial GLMMs for each measure of pup care: alarm calling, 

vigilance and female-pup social interactions. For the models using 

alarm calling and female-pup interactions, fixed effects were maternal 

FGM after emergence, litter size, maternal age, predator index and total 

time spent observing each social group. For the model using vigilance 

data, fixed effects included: maternal FGM after emergence, litter size, 

maternal age, predator index, and time/day in which the focal was 

performed. Interactions between fixed effects can be found in Table S1. 

To study the influence of maternal FGM levels on pup survival, we 

fitted binomial GLMMs for each measure of pup survival: summer, 

winter, and annual survival. The models included maternal FGM after 

emergence, litter size, maternal age, and predator index as fixed effects. 

Finally, to investigate the effect of maternal FGM levels on pup FGM 

levels, we fitted two LMMs to the pup FGM concentration data (ng/ml). 

In one model we used maternal FGM before emergence and, in the 

other, maternal FGM after emergence mean as fixed effects. Common 

fixed effects for both models were litter size, predator index, maternal 

age, and time/date of capture in which the fecal sample was collected. 

 
3. Results 

3.1. Maternal fecal glucocorticoid metabolites (FGM) levels 

3.1.1. How are maternal FGM levels associated with affiliative interactions? 

The female-affiliative social network analysis included 51 unique 

females and represented 87 breeding events over 10 years. Females had 

an average of  2.52  FGM measurements per active season (SD = 1.41, 

n = 219 individual measurements). Social groups averaged 13.36 in- 

dividuals (SD = 7.92; range 3–34), litter  size  averaged  4.36  pups 

(SD = 1.81, range 1–10), and the average maternal age was 4.37 years 

(SD = 2.51, range 2–12). The principal components analysis explained 

74.6% of the variation in affiliative social metrics. The principal com- 

ponents can be interpreted as popularity (PC1AFF), which included de- 

gree (in and out), closeness (in and out), and eigenvector centrality; 

relationship strength (PC2AFF), which included strength (in and out); 

Factor loadings for each component of the principal component analysis on social metrics from affiliative and agonistic networks. High loading values are in bold. 

Social metrics Affiliative networks Agonistic networks 

 
PC1 (popularity) PC2 (relationship 

strength) 

 
PC3 (group 

cohesiveness) 

 
PC1 (aggression 

initiated) 

 
PC2 (aggression 

received) 

 
PC3 (group 

cohesiveness) 

In-degree 0.85 0.18 −0.14 0.18 0.93 0.11 

Out-degree 0.84 0.28 0.01 0.95 −0.02 0.00 

In-strength 0.21 0.90 0.07 −0.19 0.88 0.14 

Out-strength 0.20 0.91 0.10 0.52 −0.02 0.38 

In-closeness 0.87 0.12 −0.13 0.55 0.68 0.23 

Out-closeness 0.84 0.21 0.15 0.88 0.01 0.12 

Betweenness centrality 0.19 −0.19 −0.63 0.43 −0.15 −0.81 

Eigenvector centrality 0.85 −0.04 0.12 0.68 0.29 −0.12 

Embeddedness 0.21 0.28 0.72 0.22 0.36 0.75 

Clustering coefficient 0.02 −0.35 0.80 0.20 0.03 0.84 
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Table 2 

Results from linear mixed effects models explaining variation in maternal stress levels (measured through fecal glucocorticoid metabolite concentrations) in a wild 

yellow-bellied marmot population. Models differed by the inclusion of social network metrics based on affiliative or agonistic interactions. 
 

Affiliative networks Agonistic networks 

Fixed effect Estimate ± SE P Fixed effect Estimate ± SE P 

Intercept −0.11 ± 0.26 0.681  Intercept −0.03 ± 0.36  0.937 

PC3AFF −0.03 ± 0.07 0.681 PC1AGO 0.20 ± 0.08 0.014 

Litter size 0.19 ± 0.06 0.001 Litter size 0.22 ± 0.07 0.004 

Predator index (low) 0.03 ± 0.14 0.843 PC2AGO 0.21 ± 0.08 0.007 

Time of capture 0.16 ± 0.05 0.001 Time of capture 0.19 ± 0.07 0.005 

Day of capture −0.13 ± 0.05 0.005 Day of capture −0.22 ± 0.06 < 0.001 

PC3AFF: Predator index −0.25 ± 0.11 0.020 

Affiliative networks Agonistic networks 

Random effect Variance SD Random effect Variance SD 

Mother identity  0.02  0.13 Mother identity  0.01  0.10 

Year 0.60 0.78 Year 0.97 0.98 

 
and group cohesiveness (PC3AFF), which included clustering, embedd- 

edness, and betweenness (Table 1). 

Our final model included PC3AFF (group cohesiveness), litter size, 

predator index, time/date of individual capture, and the interaction 

between PC3AFF and predator index (Table 2). The interaction between 

PC3AFF and predator index explained significant variation in maternal 

FGM levels (p = 0.020, Table 2). In low predation pressure environ- 

ments, females with high group cohesion had somewhat lower FGMs 

than females with low group cohesion (Fig. 1). In contrast, there was no 

apparent association between group cohesion and FGMs in high pre- 

dation environments. Litter size was positively associated with ma- 

ternal FGM (p = 0.001), and both day and time of capture affected FGM 

levels (Table 2). Female identity and year (random effects) explained 

much of the variation in maternal FGM, because this model had a 

marginal R2 of 0.10 and a conditional R2 of 0.66. By comparing esti- 

mates in this model, we infer that the interaction between group co- 

hesiveness and predator index was the fixed effect with the strongest 

effect on maternal FGM, followed by litter size (Table 2). 

 
3.1.2. How are maternal FGM levels associated with agonistic interactions? 

The female-agonistic dataset included 32 unique females that re- 

presented 42 breeding events over 8 years. Females had an average of 

2.74 FGM measurements per season (SD = 1.52, n = 115 individual 

 

Fig. 1. Relationship between maternal fecal glucocorticoid metabolite con- 

centrations (ng/ml) and group cohesiveness, a principle component char- 

acterized by affiliative clustering, embeddedness, and betweenness. The dashed 

line and diamond shaped points illustrate environments with low predator in- 

dices, while the continuous line and the filled circles illustrate environments 

with high predator indices. Points represent the actual data, while lines were 

generated with predicted probabilities from a linear mixed effects model. To 

generate predictions from the model, all other variables were set to the mean. 

Buffers illustrate the 95% confidence intervals. Importantly, observed values do 

not control for significant variation explained by the model. 

 
FGM samples). Groups averaged 15.22 individuals (SD = 8.60; range 

3–34). The principal components analysis explained 75.5% of the var- 

iation in affiliative social metrics. The principal components can be 

interpreted as aggression initiated (PC1AGO), which included out-de- 

gree, out-closeness, out-strength, and eigenvector centrality; aggression 

received (PC2AGO), which included in-degree, in-closeness, and in- 

strength; and group cohesiveness (PC3AGO), which included clustering, 

embeddedness, and betweenness (Table 1). 

Our final model included PC1AGO (aggression initiated), PC2AGO 

(aggression received), litter size, and time/day of individual capture 

(Table 2). After controlling for FGM seasonal and daily variation, ma- 

ternal FGM levels were positively associated with aggression initiated, 

aggression received and litter size (p = 0.014, 0.007 and 0.004, re- 

spectively; Table 2, Fig. 2). Female identity and year explained a sig- 

nificant portion of the variation in maternal FGM levels; this model had 

a marginal R2 of 0.13 and a conditional R2 of 0.74. In addition to day of 

capture, litter size was the fixed effect with highest estimates, followed 

by PC2AGO and PC1AGO, respectively (Table 2). 

3.2. Pup care 

3.2.1. Does maternal FGM explain variation in the probability of a mother 

emitting an alarm call? 

This dataset included 59 unique mothers involved in 91 breeding 

events. We only positively identified 30 mothers that alarm called fol- 

lowing pup emergence. Our final model was no different from the null 

model, and annual effects explained more of the variation than ma- 

ternal identity (Table 3). 

3.2.2. Does female FGM explain variation in whether females are ever seen 

interacting with pups? 

From the 90 reproductive events of 58 females observed during    

10 years, females were observed interacting with pups in 49 events. In 

our final model, maternal FGM after emergence and predator index 

were negatively associated with the occurrence of female-pup interac- 

tions (p = 0.032 and 0.001, respectively; Table 3). This result suggests 

that mothers are less likely to interact with pups when exhibiting high 

FGM levels or at locations with high predation pressure. Individual 

identity and year seem not to have an effect on female-pup interactions 

(Table 3). This model had a marginal R2 of 0.22 and a conditional R2 of 

0.22. 

3.2.3. Does maternal FGM explain variation in time mothers allocate to 

vigilance? 

We collected 71 focals from 24 females with pups over 7 years, with 

an average of 2.09 focals per female per year. The final model had only 
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Fig. 2. Relationship between maternal fecal gluco- 

corticoid metabolite concentrations (ng/ml) and ag- 

gression received (A) and aggression initiated (B). 

Aggression received (PC2) was inferred from a 

principal component on which in-degree, in-close- 

ness, and in-strength were loaded; and aggression 

initiated (PC1) was defined by out-degree, out-clo- 

seness, out-strength, and eigenvector centrality. 

Points represent the actual data, while lines were 

generated with predicted probabilities from a linear 

mixed effects model. To generate predictions from 

the model, all other variables were set to the mean. 

Buffers illustrate the 95% confidence intervals. 

Importantly, the points of observed values are not 

controlled for significant variation explained by the 

model. 

 

one fixed effect, the predator index, suggesting that mothers spend less 

time being vigilant  in  environments  with  lower  predator  pressure  

(p = 0.028; Table 3). The random effects explained no variation in 

vigilance. This model had a marginal R2 of 0.20 and a conditional R2 of 

0.20. 

 
3.3. Pup FGM levels 

The model using the average maternal FGM before emergence in- 

cluded 227 FGM measurements from 148 pups of 43 mothers across   

7 years, while the model using maternal FGM after emergence included 

217 FGM measurements from 139 pups of 40 mothers across 7 years. 

Interestingly, maternal FGM was positively associated with pup FGM 

levels only when  it  was  calculated  as  a  mean  before  emergence  

(p = 0.028; Table 4). Mothers with high FGM levels before pup emer- 

gence had pups with high FGM, while maternal FGM levels measured 

after pup emergence had no effect on pup FGM levels. The random 

effect of year explained more of the variation in pup FGM levels than 

maternal or pup identity. The model using maternal FGM before 

emergence had a marginal R2 of 0.05 and a conditional R2 of 0.65. 

 
3.4. Offspring survival 

Offspring survival was measured for 91 litters from 59 females 

across 10 years. In the final models, maternal FGM after emergence was 

negatively associated with measurements of winter and annual survival 

(p < 0.001 and = 0.001, respectively; Table 5, Fig. 3). For the model 

fitted to summer survival data, we found a negative effect of predator 

index (p = 0.031), where pups were more likely to survive in en- 

vironments with low predator pressure, and a significant effect of the 

interaction between maternal FGM  after  emergence  and  litter  size 

(p = 0.011, Table 5). During the active season, large litters from 

Table 3 

females with low FGM levels had higher chance of survival than smaller 

litters, but this pattern was inverted if females had high FGM con- 

centration (Fig. 4). In addition, the random effects of mother identity 

and year explained no variation in any measurements of survival. The 

marginal R2 for the summer survival model, winter survival model and 

annual survival model were 0.57, 0.23 and 0.25, respectively. 

 
4. Discussion 

4.1. Associations between social interactions and maternal fecal 

glucocorticoid metabolites (FGM) levels 

Overall, we found that social conditions are associated with ma- 

ternal FGM levels in wild female yellow-bellied marmots. These results 

contrast with Wey and Blumstein (2012), who conducted similar social 

network measurements on a smaller sample from the same yellow- 

bellied marmot population and found no association of social interac- 

tions with female FGM levels. Wey and Blumstein (2012) analyzed fe- 

males at different life stages but did not include information about in- 

dividual reproductive status in the models, which is an important factor 

that explains female sensitivity to environmental and social conditions 

in other species (Mora et al., 1996; Palanza et al., 2001; Ralph and 

Tilbrook, 2016; Reeder et al., 2004; Tu et al., 2005). The discrepancy of 

our results suggests that reproductive female marmots are more re- 

sponsive to their social environment, however this should be tested 

directly. 

Maternal FGM levels were associated with position in agonistic 

networks; mothers both initiating and receiving agonistic interactions 

had increased FGM levels, so agonistic behavior clearly has an im- 

portant role in female fitness and marmot social organization. Lea et al. 

(2010) found that measures of initiated aggression were positively as- 

sociated with both longevity and lifetime reproductive success, while 

Results from generalized linear mixed effects models explaining variation in pup care in a wild yellow-bellied marmot population. Models differed by the proxies used 

to access pup care: alarm calling, female-pup interactions, and proportion of time allocated to vigilance while foraging. 

Alarm calling 
   

Female-pup interactions 
   

Vigilance 
 

Fixed effect Estimate ± SE P 
 

Fixed effect Estimate ± SE P 
 

Fixed effect Estimate ± SE P 
 

Intercept −1.63 ± 0.94 0.084 
 

Intercept −0.52 ± 0.31 0.092 
 

Intercept −1.15 ± 0.43 0.008 
 

– – – Maternal FGM after emergence −0.52 ± 0.24 0.032 Predator index (low) −1.85 ± 0.85 0.028 

– – – Predator index (low) 1.57 ± 0.48 0.001 – – – 

Alarm calling 

   
Female-pup interactions 

   
Vigilance 

   

Random effect Variance SD 
 

Random effect Variance SD 
 

Random effect Variance SD 
 

Mother identity 0.01 0.09 
 

Mother identity 0.00 0.00 
 

Mother identity 0.00 0.00 
 

Year 5.65 2.38 Year 0.00 0.00 Year 0.00 0.00 
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Table 4 

Results from linear mixed effects models explaining variation in pup stress levels (measured through fecal glucocorticoid metabolite concentrations - FGM) in a wild 

yellow-bellied marmot population. Models differed by the calculation of the fixed effect related to maternal stress levels: maternal FGM before emergence (included 

only samples preceding pup emergence) and maternal FGM after emergence (included only samples following pup emergence).  

Maternal FGM before emergence 
   

Maternal FGM after emergence 
 

Fixed effect Estimate ± SE P 
 

Fixed effect Estimate ± SE P 
 

Intercept −0.57 ± 0.17 0.013 
 

Intercept −0.50 ± 0.20 0.044 
 

Maternal FGM before emergence 0.12 ± 0.05 0.028 – – – 

Random effect Variance SD Random effect Variance SD 

Mother identity 0.02 0.15 Mother identity 0.02 0.15 

Pup identity 0.01 0.08 Pup identity 0.01 0.10 

Year 0.17 0.41 Year 0.25 0.50 

 
received agonistic interactions were negatively correlated to lifetime 

reproductive success. Female marmots can be hierarchically ranked 

based solely on the relative number of wins against opponents in ago- 

nistic interactions, and dominant females exhibit lower FGM levels 

(Blumstein et al., 2016). 

Under low predation pressure, group cohesiveness was weakly as- 

sociated with reduced maternal FGM, but may potentially act as a social 

buffer by reducing effects of external stressors (Cohen, 2004; Kiyokawa 

and Hennessy, 2018). The conditional and weak relationship between 

social buffering and predator pressure represented in Fig. 1 suggests 

that affiliative bonds may not significantly alter maternal FGM levels 

under some scenarios. Maldonado-Chaparro et al. (2015) found that 

yellow-bellied marmots lose influence over conspecifics as group size 

increases, indicating some fragility of social bonds in this socially 

flexible rodent. 

The affiliative metrics associated with maternal FGM were un- 

directed and unweighted, indicating that a female marmot can be af- 

fected or affect a social network by simply being connected to others, 

independently of the number of interactions or the identity/dominance 

rank of individuals. Although evidently there are limitations to the ef- 

fects of social bonds in marmots, there may be collective context-spe- 

cific benefits, which could explain previous observations of marmots 

exhibiting higher sociality in harsher environments (Armitage, 2014; 

Barash, 1974; Blumstein, 2013). Sociality can buffer individuals from 

the impact of environmental changes in other taxa (Keiser et al., 2014; 

Pinter-Wollman et al., 2009), and the benefits of marmot social beha- 

vior may occur not only during hibernation (as reported in Alpine 

marmots, M. marmota, but not yellow-bellied marmots–e.g., Allainé, 

2000; Arnold, 1988; Ruf and Arnold, 2000) but also in the active 

season. 

 
Table 5 

 
Recent studies of yellow-bellied marmots have identified overwinter 

survival (Yang et al., 2017) and longevity costs (Blumstein et al., 2018) 

of sociality. The potential positive fitness effects of social buffering 

could balance out these negative effects and be a factor that explains 

affiliative social interactions in yellow-bellied marmots. Despite the 

restricted number of behavioral studies with less social mammals, some 

species seem to benefit from social behavior. Young 13-lined ground 

squirrels (Ictidomys tridecemlineatus)—an undomesticated and asocial 

species—have capacity for social reward (Lahvis et al., 2015). Social 

contact is also important for the maintenance of female estrous cycle in 

solitary kangaroo rats (Dipodomys heermanni; Yoerg, 1999). Previously 

isolated kangaroo rats behave more socially after several encounters 

with conspecifics (Yoerg, 1999). In more social species, positive out- 

comes of social bonds on female fitness are more pronounced (Cameron 

et al., 2009; Silk et al., 2003, 2009, 2010; Vander Wal et al., 2015). 

Since advantages of sociality are context dependent (Lahvis et al., 2015; 

Silk, 2007), identifying which conditions differ among less and more 

social species may reveal the conditions that have selected for more 

complex social systems in ancestral species. 

 
4.2. Associations between female FGM levels and pup care 

The influence of adult stress on parental care is still underexplored 

when compared to the effects of individual early experiences on phe- 

notypes (Darnaudéry and Maccari, 2008; Pittet et al., 2017). In wild 

marmots, we found that FGM levels are associated with pup care: fe- 

males with high FGM levels are less likely to interact with pups. Pre- 

vious studies reported similar findings on other species. For instance, 

mothers in low quality environments or with high stress levels engage 

in more offspring-directed aggression in guinea pigs and rats (Rattus 

Results from generalized linear mixed effects models explaining variation in offspring survival in a wild yellow-bellied marmot population. Models differed by the 

different calculations of survival: summer survival, winter survival and annual survival. 

 

 

 

 

emergence 

 
– 

 
size 

 

 

 
 

0.00 

Summer survival 
   

Winter survival 
   

Annual survival 
 

Fixed effect Estimate ± SE P 
 

Fixed effect Estimate ± SE P 
 

Fixed effect Estimate ± SE P 
 

Intercept 0.02 ± 0.33 0.964 
 

Intercept 0.25 ± 0.23 0.281 
 

Intercept −0.40 ± 0.24 0.098 
 

Maternal FGM after emergenc 

 
Litter size 

Predator  index  (low) 

Maternal FGM after emergenc 

 
Summer survival 

e −0.74 ± 0.30 

 
−0.66 ± 0.35 

1.11 ± 0.51 

e: Litter −1.09 ± 0.43 

0.015 

 
0.061 

0.031 

0.011 

 Maternal FGM after 

emergence 

– 

– 

– 

 
Winter survival 

−0.98 ± 0.27 

 
– 

– 

– 

< 0.001 

 
– 

– 

– 

 Maternal FGM after 

 
– 

– 

– 

 
Annual survival 

−1.06 ± 0.30 

 
– 

– 

– 

0.001 

 
– 

 
– 

 

Random effect Variance SD 
 

Random effect Variance SD 
 

Random effect Variance SD 
 

Mother identity 

Year 

0.00 

0.00 

0.00 

0.00 

 
Mother identity 

Year 

0.00 

0.00 

0.00 

0.00 

 
Mother identity 

Year 

0.00 

0.00 

0.00 
 

 



HormonesandBehavior116(2019)104577 G.M. Pinho, et al. 

8 

 

 

 

 

Fig. 3. Relationship of offspring overwinter (A) and annual (B) survival with maternal FGM measured after pups emerged (fecal glucocorticoid metabolite con- 

centrations (ng/ml)). Points represent the actual data, while lines were generated with predicted probabilities from a linear mixed effects model. Buffers illustrate the 

95% confidence intervals. Importantly, the points of observed values are not controlled for significant variation explained by the model. 

 
4.3. Associations between female FGM levels and pup FGM levels 

Female yellow-bellied marmots produce at most one litter per year, 

reproduce as soon as they emerge from hibernation, have approxi- 

mately a 30-day long gestation, and lactate another 25–30 days 

(Armitage, 2014; Blumstein and Armitage, 1998). Pups emerge from 

burrows nearly weaned (Frase and Hoffmann, 1980), so maternal FGM 

measured before pup emergence may quantify stress during both 

pregnancy and lactation. Only maternal stress measured during this 

period was significantly associated with pup FGM levels, suggesting 

that events during pregnancy and lactation may have long-term effects 

on pup behavior and neuroendocrine development (Curley and 

Champagne, 2016; Darnaudéry and Maccari, 2008). This finding is 

consistent with previous studies in yellow-bellied marmots, where 

Fig. 4. Relationship between offspring summer survival, litter size and ma- 

ternal FGM measured after pups emerged (fecal glucocorticoid metabolite 

concentrations (ng/ml)). The heatmap was generated with predicted prob- 

abilities from a linear mixed effects model. To generate predictions from the 

model, all other variables were set to the mean if continuous or to a fixed value 

if categorical (Predator index set as high). 

 

rattus and Cavia aperea; Klaus et al., 2013; Rosenblum and Andrews, 

1994). The artificial shortening of photoperiod, restraining experiments 

and administration of corticosterone reduce maternal care in rats, 

leading to a decrease of frequency and duration of nursing and licking/ 

grooming interactions (Brummelte and Galea, 2010; Champagne and 

Meaney, 2006; Toki et al., 2007). Pittet et al. (2017) found no effects of 

chronic social partner instability on rat maternal care. However, when 

exposed to male intruders, females increased maternal care, indicating 

a variation in maternal behavior response according to stressor type or 

combination. 

Our measures of female-pup interactions were taken at least 30 days 

after birth, which may not have been the most sensitive period for 

behavioral imprinting, since significant effects of pup care on pup de- 

velopment occur within the first weeks of life (Curley and Champagne, 

2016) and the frequency of female-pup interactions decreases with pup 

age (Peña and Champagne, 2013). However, if the strength of female- 

pup bonds decrease at a similar rate among litters, the differences in 

pup care found after pup emergence may still reflect differences in 

within-burrow pup care among litters. 

lactating females with high FGM levels produced less docile pups 

(Petelle et al., 2017), a personality trait stable across life stages (Petelle 

et al., 2013). 

Therefore, perinatal maternal FGM has an overall positive associa- 

tion with offspring FGM levels in marmots, but it is important to con- 

sider that differences in the type and intensity of stressors, pup sex 

(Curley and Champagne, 2016; Darnaudéry and Maccari, 2008), pup 

genotype (Pan et al., 2018), and within-litter variation in maternal care 

(Hasselt et al., 2012; Pan et al., 2014) are expected to modify the in- 

tensity and direction of maternal effects on pup stress responses. Since 

glucocorticoid hormones are involved in many metabolic pathways, the 

mechanism behind the influence of maternal FGM on offspring traits 

may essentially involve any pathway known to affect pup development, 

which can include hormone transmission via the placenta (Mairesse    

et al., 2007) and milk (Dettmer et al., 2018; Hinde et al., 2015), mi- 

crobiota sharing via nursing (Daft et al., 2015; Ubeda et al., 2012), and 

behavioral imprinting (Bauer et al., 2015; Curley and Champagne, 

2016; Darnaudéry and Maccari, 2008; Liu et al., 1997). 

4.4. Associations between maternal FGM levels and pup survival 

Although females with high FGM levels wean larger litters 

(Blumstein et al., 2016), their pups are significantly less likely to sur- 

vive. Mothers with high FGM levels produced offspring with lower 

winter and annual survival. Random effects of mother identity ex- 

plained no variation in the models, suggesting that external factors have 

an important role in pup survival. In addition to having a low annual 

reproductive success, mothers with high FGM levels have low 
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overwinter survival (Wey et al., 2015), which reinforces that FGMs are 

reliable proxies for female fitness in free-living yellow-bellied marmots 

and supports the cort-fitness hypothesis (Bonier et al., 2009a, 2010). A 

negative association between glucocorticoid baseline levels and fitness 

has been found in other species, such as mice (Maguire and Mody, 

2016), barn swallows (Hirundo rustica; Jenni-Eiermann et al., 2008), 

and tufted puffins (Fratercula cirrhata; Williams et al., 2008). However, 

associations between fitness and baseline glucocorticoids give con- 

flicting results depending on the species, individual life history stage 

and sex (Bonier et al., 2009a, b). 

In addition, the effects of litter size on offspring summer survival are 

contingent on maternal FGM levels: when mothers have high FGM le- 

vels, individuals born into small litters have higher summer survival 

than individuals born into larger litters. Interestingly, Monclús et al. 

(2011) reported that, under stressful conditions, older females were 

more likely to produce smaller litters than younger mothers. By using 

both results together, it is possible to hypothesize that older females are 

able to increase offspring survival likelihood by programming litter 

sizes according to environmental conditions. This suggested hypothesis 

follows the rationale of the experience constraint hypothesis (Curio, 

1983; Forslund and Part, 1995), where female marmots could learn 

from experience how to use physiological or environmental cues to 

increase pup fitness. We may not expect that females are able to cog- 

nitively determine the number of pups they will give birth to, however 

pups spend approximately a month after birth within the burrow, and 

mothers could actively reduce their litter size by not feeding or killing 

some young. 

Experienced mothers have increased reproductive success compared 

to inexperienced females in other species (Broussard et al., 2008; Colas, 

1999; Dwyer and Lawrence, 2000; Künkele and Kenagy, 1997; Lunn 

et al., 1994; Schino and Troisi, 2005; Snyder et al., 2016; Sunderland 

et al., 2008; Wang and Novak, 1994; Zedrosser et al., 2009). Previous 

work has shown that the interaction between maternal age and FGM 

also determines offspring personality (Petelle et al., 2017), and, if 

changes on offspring phenotype enhance their fitness, marmot maternal 

behavior may support the Predictive Adaptive Response (PAR) hy- 

pothesis. According to the PAR hypothesis, maternal stress responses 

may be adaptive if stress levels reliably prepare offspring for their fu- 

ture environments, which has been observed across mammals, reptiles 

and fishes (Bateson et al., 2014; Sheriff and Love, 2013). Since this 

hypothesis was not directly tested in this study, future work should test 

whether older female marmots actually adopt strategies to enhance 

litter survival. 

 
4.5. Conclusions 

Physiological stress, measured through fecal glucocorticoid meta- 

bolites (FGM) levels, in free-living mothers of a facultatively social 

mammal is seemingly associated with both affiliative and agonistic 

interactions with conspecifics, which may have critical consequences 

for offspring survival. Agonistic interactions are key for yellow-bellied 

marmot social organization and have a positive association with ma- 

ternal FGM. Female affiliative behavior may be collectively advanta- 

geous depending on the social group's environmental context. An in- 

crease in maternal FGM levels during pregnancy and lactation is 

associated with high FGM levels in pups, which may cause life-long 

changes in offspring behavior. Litters in social groups with mothers 

exhibiting high FGM levels throughout the active season received less 

maternal and/or alloparental care. Females with high FGM levels had 

offspring with lower annual survival and therefore have an overall 

lower reproductive success, which supports the cort-fitness hypothesis. 

Mothers under adverse conditions may, however, maximize offspring 

fitness by producing small litters. 

Supplementary data to this article can be found online at https:// 

doi.org/10.1016/j.yhbeh.2019.104577. 

Funding 

This work was supported by the National Geographic Society, UCLA 

(Faculty Senate and the Division of Life Sciences), a Rocky Mountain 

Biological Laboratory research fellowship, and by the NSF (I.D.B.R.- 

0754247, and D.E.B.-1119660 and 1557130 to D.T.B., as well as D.B.I. 

0242960, 0731346, and 1226713 to the Rocky Mountain Biological 

Laboratory). G.M.P. was supported by the Science Without Borders 

program of the National Counsel for Scientific and Technological 

Development of Brazil. X.O. was supported by the NSF REU program 

and A.N.R. had support from the Indiana University Hutton Honors 

College. Except by providing financial support, our funding sources 

were not involved in any stage of development of this manuscript. 

Declaration of competing interest 

None. 

Acknowledgments 

We are grateful for the insightful comments provided by the re- 

viewers. Our thanks also to all the marmoteers who collected data 

throughout the years at the Rocky Mountain Biological Laboratory, 

Julien Martin for help organizing/managing the database, the UCLA 

Statistical Consulting Group for advice, and the Blumstein lab–specially 

Dana Williams–for input on different versions of the manuscript. 

References 

Allainé, D., 2000. Sociality, mating system and reproductive skew in marmots: evidence 

and hypotheses. Behav. Process. 51, 21–34. https://doi.org/10.1016/S0376- 

6357(00)00116-9. 

Anisman, H., Merali, Z., 1999. Understanding stress: characteristics and caveats. Alcohol 

Res. Heal. 23, 241–249. https://doi.org/10.1053/meta.2002.33184. 

Armitage, K.B., 1962. Social behaviour of a colony of the yellow-bellied marmot 

(Marmota flaviventris). Anim. Behav. 10, 319–331. https://doi.org/10.1016/0003- 

3472(62)90055-6. 

Armitage, K.B., 1982. Yellow-bellied marmot. In: Davis, D.E. (Ed.), CRC Handbook of 

Census Methods for Terrestrial Vertebrates. CRC Press, Inc, Boca Raton, Florida, USA, 

pp. 148–149. 

Armitage, K.B., 2014. Marmot Biology: Sociality, Individual Fitness, and Population 

Dynamics. Cambridge University Press, Cambridge. 

Armitage, K.B., Downhower, J.F., 1974. Demography of yellow-bellied marmot popula- 

tions. Ecology 55, 1233–1245. https://doi.org/10.2307/1935452. 

Armitage, K.B., Gurri-Glass, G.E., 1994. Communal nesting in yellow-bellied marmots. In: 

Rumiantsev, V.Y. (Ed.), Actual Problems of Marmots Investigation. ABF Publishing 

House, Moscow, pp. 14–26. 

Armitage, K.B., Schwartz, O.A., 2000. Social enhancement of fitness in yellow-bellied 

marmots. Proc. Natl. Acad. Sci. 97, 12149–12152. https://doi.org/10.1073/pnas. 

200196097. 

Arnold, W., 1988. Social thermoregulation during hibernation in alpine marmots 

(Marmota marmota). J. Comp. Physiol. B. 158, 151–156. https://doi.org/10.1007/ 

BF01075828. 

Barash, D.P., 1974. The evolution of marmot societies: a general theory. Science 185, 

415–420. https://doi.org/10.1126/science.185.4149.415. 

Barrat, A., Barthelemy, M., Vespignani, A., 2004. Modeling the evolution of weighted 

networks. Phys. Rev. 70, 1–12. https://doi.org/10.1103/PhysRevE.70.066149. 

Bates, D., Maechler, M., Bolker, B., 2015. Package “lme4” (Version 1.1–12). http://lme4. 

r-forge.r-project.org. 

Bateson, P., Gluckman, P., Hanson, M., 2014. The biology of developmental plasticity and 

the predictive adaptive response hypothesis. J. Physiol. 592, 2357–2368. https://doi. 

org/10.1113/jphysiol.2014.271460. 

Bauer, C.M., Hayes, L.D., Ebensperger, L.A., Ramírez-estrada, J., León, C., Davis, G.T., 

Romero, L.M., 2015. Maternal stress and plural breeding with communal care affect 

development of the endocrine stress response in a wild rodent. Horm. Behav. 75, 

18–24. https://doi.org/10.1016/j.yhbeh.2015.07.021. 

Beery, A.K., Kaufer, D., 2015. Stress, social behavior, and resilience: insights from ro- 

dents. Neurobiol. Stress 1, 116–127. https://doi.org/10.1016/j.ynstr.2014.10.004. 

Birnie, A.K.,  Taylor, J.H., Cavanaugh, J., French, J.A., 2013. Quality of  maternal  and 

paternal care predicts later stress reactivity in the cooperatively-breeding marmoset 

(Callithrix geoffroyi). Psychoneuroendocrinology 38, 3003–3014. https://doi.org/10. 

1016/j.psyneuen.2013.08.011. 

Blumstein, D.T., 2013. Yellow-bellied marmots: insights from an emergent view of soci- 

ality. Phil. Trans. R. Soc. B 368, 20120349. https://doi.org/10.1098/rstb.2012.0349. 

Blumstein, D.T., Armitage, K.B., 1998. Life history consequences of social complexity: a 

comparative study of ground dwelling sciurids. Behav. Ecol. 9, 1–7. https://doi.org/ 

10.1093/beheco/9.1.8. 

https://doi.org/10.1016/j.yhbeh.2019.104577
https://doi.org/10.1016/j.yhbeh.2019.104577
https://doi.org/10.1016/S0376-6357(00)00116-9
https://doi.org/10.1016/S0376-6357(00)00116-9
https://doi.org/10.1053/meta.2002.33184
https://doi.org/10.1016/0003-3472(62)90055-6
https://doi.org/10.1016/0003-3472(62)90055-6
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0020
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0020
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0020
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0025
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0025
https://doi.org/10.2307/1935452
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0035
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0035
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0035
https://doi.org/10.1073/pnas.200196097
https://doi.org/10.1073/pnas.200196097
https://doi.org/10.1007/BF01075828
https://doi.org/10.1007/BF01075828
https://doi.org/10.1126/science.185.4149.415
https://doi.org/10.1103/PhysRevE.70.066149
http://lme4.r-forge.r-project.org/
http://lme4.r-forge.r-project.org/
https://doi.org/10.1113/jphysiol.2014.271460
https://doi.org/10.1113/jphysiol.2014.271460
https://doi.org/10.1016/j.yhbeh.2015.07.021
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1016/j.psyneuen.2013.08.011
https://doi.org/10.1016/j.psyneuen.2013.08.011
https://doi.org/10.1098/rstb.2012.0349
https://doi.org/10.1093/beheco/9.1.8
https://doi.org/10.1093/beheco/9.1.8


HormonesandBehavior116(2019)104577 G.M. Pinho, et al. 

10 

 

 

 
Blumstein, D.T., Armitage, K.B., 1999. Cooperative breeding in marmots. Oikos 84, 369–

382. https://doi.org/10.2307/3546418. 

Blumstein, D.T., Daniel, J.C., 2007. Quantifying Behavior the JWatcher Way. Sinauer 

Associates, Inc., Sunderland, MA. 

Blumstein, D.T., Steinmetz, J., Armitage, K.B., Daniel, J.C., 1997. Alarm calling in yellow- 

bellied marmots: II. The importance of direct fitness. Anim. Behav. 53, 173–184. 

https://doi.org/10.1006/anbe.1996.0286. 

Blumstein, D.T., Runyan, A., Seymour, M., Ozgul, A., Ransler, F., Im, S., Stark, T., 2004. 

Locomotor ability and wariness in yellow-bellied marmots. Ethology 110, 615–634. 

https://doi.org/10.1111/j.1439-0310.2004.01000.x. 

Blumstein, D.T., Patton, M.L., Saltzman, W., 2006. Faecal glucocorticoid metabolites and 

alarm calling in free-living yellow-bellied marmots. Biol. Lett. 2, 29–32. https://doi. 

org/10.1098/rsbl.2005.0405. 

Blumstein, D.T., Wey, T.W., Tang, K., 2009. A test of the social cohesion hypothesis: 

interactive female marmots remain at home. Proc. R. Soc. B 276. https://doi.org/10. 

1098/rspb.2009.0703. 

Blumstein, D.T., Lea, A.J., Olson, L.E., Martin, J.G.A., 2010. Heritability of anti-predatory 

traits: vigilance and locomotor performance in marmots. J. Evol. Biol. 23, 879–887. 

https://doi.org/10.1111/j.1420-9101.2010.01967.x. 

Blumstein, D.T., Keeley, K.N., Smith, J.E., 2016. Fitness and hormonal correlates of social 

and ecological stressors of female yellow-bellied marmots. Anim. Behav. 112, 1–11. 

https://doi.org/10.1016/j.anbehav.2015.11.002. 

Blumstein, D.T., Williams, D.M., Lim, A.N., Kroeger, S., Martin, J.G.A., 2018. Strong so- 

cial relationships are associated with decreased longevity in a facultatively social 

mammal. Proc. R. Soc. B 285, 20171934. https://doi.org/10.1098/rspb.2017.1934. 

Bonacich, P., 2007. Some unique properties of eigenvector centrality. Soc. Networks 29, 

555–564. https://doi.org/10.1016/j.socnet.2007.04.002. 

Bonier, F., Martin, P.R., Moore, I.T., Wingfield, J.C., 2009a. Do baseline glucocorticoids 

predict fitness? Trends Ecol. Evol. 24, 634–642. https://doi.org/10.1016/j.tree.2009. 

04.013. 

Bonier, F., Moore, I.T., Martin, P.R., Robertson, R.J., 2009b. The relationship between 

fitness and baseline glucocorticoids in a passerine bird. Gen. Comp. Endocrinol. 163, 

208–213. https://doi.org/10.1016/j.ygcen.2008.12.013. 

Bonier, F., Martin, P.R., Moore, I.T., Wingfield, J.C., 2010. Clarifying the Cort-Fitness 

hypothesis: a response to Dingemanse et al. Trends Ecol. Evol. 25, 262–263. https:// 

doi.org/10.1016/j.tree.2010.01.009. 

Branchi, I., Andrea, I.D., Fiore, M., Fausto, V. Di, Aloe, L., Alleva, E., 2006. Early social 

enrichment shapes social behavior and nerve growth factor and brain-derived neu- 

rotrophic factor levels in the adult mouse brain. Biol. Psychiatry 60, 690–696. 

https://doi.org/10.1016/j.biopsych.2006.01.005. 

Broussard, D.R., Dobson, F.S., Murie, J.O., 2008. Previous experience and reproductive 

investment of female Columbian ground squirrels. J. Mammal. 89, 145–152. https:// 

doi.org/10.1644/06-MAMM-A-357.1. 

Brummelte, S., Galea, L.A.M., 2010. Chronic corticosterone during pregnancy and post- 

partum affects maternal care, cell proliferation and depressive-like behavior in the 

dam. Horm. Behav. 58, 769–779. https://doi.org/10.1016/j.yhbeh.2010.07.012. 

Cairns, S.J., Schwager, S.J., 1987. A comparison of association indices. Anim. Behav. 35, 

1454–1469. https://doi.org/10.1016/S0003-3472(87)80018-0. 

Cameron, E.Z., Setsaas, T.H., Linklater, W.L., 2009. Social bonds between unrelated fe- 

males increase reproductive success in feral horses. Proc. Natl. Acad. Sci. 106, 

13850–13853. https://doi.org/10.1073/pnas.0900639106. 

Chalfin, L., Dayan, M., Levy, D.R., Austad, S.N., Miller, R.A., Iraqi, F.A., Dulac, C., Kimchi, 

T., 2014. Mapping ecologically relevant social behaviours by gene knockout in wild 

mice. Nat. Commun. 5, 1–10. https://doi.org/10.1038/ncomms5569. 

Champagne, F.A., Meaney, M.J., 2006. Stress during gestation alters postpartum maternal 

care and the development of the offspring in a rodent model. Biol. Psychiatry 59, 

1227–1235. https://doi.org/10.1016/j.biopsych.2005.10.016. 

Cohen, S., 2004. Social relationships and health. Am. Psychol. 59, 676–684. https://doi. 

org/10.1037/0003-066X.59.8.676. 

Colas, S., 1999. Evidence for sex-biased behavioral maternal investment in the gray 

mouse lemur (Microcebus murinus). Int. J. Primatol. 20, 911–926. https://doi.org/10. 

1023/A:1020878618941. 

Cruces, J., Venero, C., Pereda-pérez, I., Fuente, M. De, 2014. The effect of psychological 

stress and social isolation on neuroimmunoendocrine communication. Curr. Pharm. 

Des. 20, 4608–4628. https://doi.org/10.2174/1381612820666140130205822. 

Csardi, G., Nepusz, T., 2006. The igraph software package for complex network research. 

InterJournal Complex Syst 1695. 

Curio, E., 1983. Why do young birds reproduce less well? In: Ibis (Lond. 1859). vol. 125. 

pp. 400–404. https://doi.org/10.1111/j.1474-919X.1983.tb03130.x. 

Curley, J.P., Champagne, F.A., 2016. Influence of maternal care on the developing brain: 

mechanisms, temporal dynamics and sensitive periods. Front. Neuroendocrinol. 40, 

52–66. https://doi.org/10.1016/j.yfrne.2015.11.001.Influence. 

Curley, J.P., Davidson, S., Bateson, P., Champagne, F.A., 2009. Social enrichment during 

postnatal development induces transgenerational effects on emotional and re- 

productive behavior in mice. Front. Behav. Neurosci. 3, 1–14. https://doi.org/10. 

3389/neuro.08.025.2009. 

Curley, J.P., Jensen, C.L., Mashoodh, R., Champagne, F.A., 2011. Social influences on 

neurobiology and behavior: epigenetic effects during development. 

Psychoneuroendocrinology 36, 352–371. https://doi.org/10.1016/j.psyneuen.2010. 

06.005. 

Daft, J.G., Ptacek, T., Kumar, R., Morrow, C., Lorenz, R.G., 2015. Cross-fostering im- 

mediately after birth induces a permanent microbiota shift that is shaped by the 

nursing mother. Microbiome 3, 17. https://doi.org/10.1186/s40168-015-0080-y. 

Darnaudéry, M., Maccari, S., 2008. Epigenetic programming of the stress response in male 

and female rats by prenatal restraint stress. Brain Res. Rev. 57, 571–585. https://doi. 

org/10.1016/j.brainresrev.2007.11.004. 

 
Dettmer, A.M., Murphy, A.M., Guitarra, D., Slonecker, E., Suomi, S.J., Rosenberg, K.L., 

Novak, M.A., Meyer, J.S., Hinde, K., 2018. Cortisol in neonatal mother's milk predicts 

later infant social and cognitive functioning in rhesus monkeys. Child Dev. 89, 525–

538. https://doi.org/10.1111/cdev.12783. 

Dipietro, J.A., Novak, M.F.S.X., Costigan, K.A., Atella, L.D., Reusing, S.P., 2006. Maternal 

psychological distress during pregnancy in relation to child development at age two. 

Child Dev. 77, 573–587. https://doi.org/10.1111/j.1467-8624.2006.00891.x. 

Djurhuus, C.B., Gravholt, C.H., Nielsen, S., Pedersen, S.B., Møller, N., Schmitz, O., 2004. 

Additive effects of cortisol and growth hormone on regional and systemic lipolysis in 

humans. AJP Endocrinol. Metab. 286, E488–E494. https://doi.org/10.1152/ajpendo. 

00199.2003. 

Dwyer, C.M., Lawrence, A.B., 2000. Maternal behaviour in domestic sheep (Ovis aries): 

Constancy and change with maternal experience. Behaviour 137, 1391–1413. 

https://psycnet.apa.org/doi/10.1163/156853900501999. 

Ferron, J., 1985. Social behavior of the golden-mantled ground squirrel (Spermophilus 

lateralis). Can. J. Zool. 63, 2529–2533. https://doi.org/10.1139/z85-375. 

Fleming, A.S., Kraemer, G.W., Gonzalez, A., Lovic, V., Rees, S., Melo, A., 2002. Mothering 

begets mothering: the transmission of behavior and its neurobiology across genera- 

tions. Pharmacol. Biochem. Behav. 73, 61–75. https://doi.org/10.1016/S0091- 

3057%2802%2900793-1. 

Forslund, P., Part, T., 1995. Age and reproduction in birds - hypotheses and tests. Trends 

Ecol. Evol. 10, 374–378. https://doi.org/10.1016/S0169-5347(00)89141-7. 

Frase, B.A., Hoffmann, R.S., 1980. Marmota flaviventris. Mamm. Species (135), 1–8. 

https://doi.org/10.2307/3503965. 

Fuong, H., Maldonado-Chaparro, A., Blumstein, D.T., 2015. Are social attributes asso- 

ciated with alarm calling propensity? Behav. Ecol. 26, 587–592. https://doi.org/10. 

1093/beheco/aru235. 

Hall, F.S., 1998. Social deprivation of neonatal, adolescent, and adult rats has distinct 

neurochemical and behavioral consequences. Crit. Rev. Neurobiol. 12, 129–162. 

https://doi.org/10.1615/CritRevNeurobiol.v12.i1-2.50. 

Hasselt, F.N. Van, Tieskens, J.M., Trezza, V., Krugers, H.J., Vanderschuren, L.J.M.J., 

Joëls, M., 2012. Within-litter variation in maternal care received by individual pups 

correlates with adolescent social play behavior in male rats. Physiol. Behav. 106, 

701–706. https://doi.org/10.1016/j.physbeh.2011.12.007. 

Hinde, K., Skibiel, A.L., Foster, A.B., Rosso, D., Sally, P., 2015. Cortisol in mother's milk 

across lactation reflects maternal life history and predicts infant temperament. Behav. 

Ecol. 26, 269–281. https://doi.org/10.1093/beheco/aru186. 

Holt-Lunstad, J., Smith, T.B., Layton, J.B., 2010. Social relationships and mortality risk: a 

meta-analytic review. PLoS Med. 7, e1000316. https://doi.org/10.1371/journal. 

pmed.1000316. 

House, J.S., Landis, K.R., Umberson, D., 1988. Social relationships and health. Science 

241, 540–545. https://doi.org/10.1126/science.3399889. 

Iossa, G., Soulsbury, C.D., Baker, P.J., Edwards, K.J., Harris, S., 2008. Behavioral changes 

associated with a population density decline in the facultatively social red fox. Behav. 

Ecol. 20, 385–395. https://doi.org/10.1093/beheco/arn149. 

Jenni-Eiermann, S., Glaus, E., Gru, M., Schwabl, H., Jenni, L., 2008. Glucocorticoid re- 

sponse to food availability in breeding barn swallows (Hirundo rustica). Gen. Comp. 

Endocrinol. 155, 558–565. https://doi.org/10.1016/j.ygcen.2007.08.011. 

Kalinowski, S.T., Taper, M.L., Marshall, T.C., 2007. Revising how the computer program 

CERVUS accommodates genotyping error increases success in paternity assignment. 

Mol. Ecol. 16, 1099–1106. https://doi.org/10.1111/j.1365-294X.2007.03089.x. 

Kassambara, A., 2018. Ggpubr: “ggplot2” based publication ready plots. R package ver- 

sion 0.1.7. https://CRAN.R-project.org/package=ggpubr. 

Keiser, C.N., Modlmeier, A.P., Singh, N., Jones, D.K., Pruitt, J.N., 2014. Exploring how a 

shift in the physical environment shapes individual and group behavior across two 

social contexts. Ethology 120, 825–833. https://doi.org/10.1111/eth.12256. 

Kiyokawa, Y., Hennessy, M.B., 2018. Comparative studies of social buffering: a con- 

sideration of approaches, terminology, and pitfalls. Neurosci. Biobehav. Rev. 86, 

131–141. https://doi.org/10.1016/j.neubiorev.2017.12.005. 

Klaus, T., Schöpper, H., Huber, S., 2013. Effects of chronic stress during pregnancy on 

maternal performance in the guinea pig (Cavia aperea f. porcellus). Behav. Process. 94, 

83–88. https://doi.org/10.1016/j.beproc.2012.12.006. 

Klein, E.S., Barbier, M.R., Watson, J.R., 2017. The dual impact of ecology and manage- 

ment on social incentives in marine common-pool resource systems. R. Soc. Open Sci. 

4, 170740. https://doi.org/10.1098/rsos.170740. 

Kudielka, B.M., Kirschbaum, C., 2005. Sex differences in HPA axis responses to stress: a 

review. Biol. Psychol. 69, 113–132. https://doi.org/10.1016/j.biopsycho.2004.11. 

009. 

Künkele, J., Kenagy, G.J., 1997. Inefficiency of lactation in primiparous rats: the costs of 

first reproduction. Physiol. Zool. 70, 571–577. https://doi.org/10.1086/515862. 

Künzl, C., Sachser, N., 1999. The behavioral endocrinology of domestication: a compar- 

ison between the domestic guinea pig (Cavia aperea f. porcellus) and its wild ancestor, 

the cavy (Cavia aperea). Horm. Behav. 35, 28–37. https://doi.org/10.1006/hbeh. 

1998.1493. 

Künzl, C., Kaiser, S., Meier, E., Sachser, N., 2003. Is a wild mammal kept and reared in 

captivity still a wild animal? Horm. Behav. 43, 187–196. https://doi.org/10.1016/ 

S0018-506X(02)00017-X. 

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. lmerTest package: tests in 

linear mixed effects models. J. Stat. Softw. 82, 1–26. https://doi.org/10.18637/jss. 

v082.i13. 

Lahvis, G.P., Panksepp, J.B., Kennedy, B.C., Wilson, C.R., Merriman, D.K., 2015. Social 

conditioned place preference in the captive ground squirrel (Ictidomys 

Tridecemlineatus): social reward as a natural phenotype. J. Comp. Psychol. 129, 

291–303. https://doi.org/10.1037/a0039435. 

Lea, A.J., Blumstein, D.T., Wey, T.W., Martin, J.G.A., 2010. Heritable victimization and 

the benefits of agonistic relationships. Proc. Natl. Acad. Sci. 107, 21587–21592. 

https://doi.org/10.2307/3546418
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0100
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0100
https://doi.org/10.1006/anbe.1996.0286
https://doi.org/10.1111/j.1439-0310.2004.01000.x
https://doi.org/10.1098/rsbl.2005.0405
https://doi.org/10.1098/rsbl.2005.0405
https://doi.org/10.1098/rspb.2009.0703
https://doi.org/10.1098/rspb.2009.0703
https://doi.org/10.1111/j.1420-9101.2010.01967.x
https://doi.org/10.1016/j.anbehav.2015.11.002
https://doi.org/10.1098/rspb.2017.1934
https://doi.org/10.1016/j.socnet.2007.04.002
https://doi.org/10.1016/j.tree.2009.04.013
https://doi.org/10.1016/j.tree.2009.04.013
https://doi.org/10.1016/j.ygcen.2008.12.013
https://doi.org/10.1016/j.tree.2010.01.009
https://doi.org/10.1016/j.tree.2010.01.009
https://doi.org/10.1016/j.biopsych.2006.01.005
https://doi.org/10.1644/06-MAMM-A-357.1
https://doi.org/10.1644/06-MAMM-A-357.1
https://doi.org/10.1016/j.yhbeh.2010.07.012
https://doi.org/10.1016/S0003-3472(87)80018-0
https://doi.org/10.1073/pnas.0900639106
https://doi.org/10.1038/ncomms5569
https://doi.org/10.1016/j.biopsych.2005.10.016
https://doi.org/10.1037/0003-066X.59.8.676
https://doi.org/10.1037/0003-066X.59.8.676
https://doi.org/10.2174/1381612820666140130205822
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0210
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0210
https://doi.org/10.1111/j.1474-919X.1983.tb03130.x
https://doi.org/10.1016/j.yfrne.2015.11.001.Influence
https://doi.org/10.3389/neuro.08.025.2009
https://doi.org/10.3389/neuro.08.025.2009
https://doi.org/10.1016/j.psyneuen.2010.06.005
https://doi.org/10.1016/j.psyneuen.2010.06.005
https://doi.org/10.1186/s40168-015-0080-y
https://doi.org/10.1016/j.brainresrev.2007.11.004
https://doi.org/10.1016/j.brainresrev.2007.11.004
https://doi.org/10.1111/cdev.12783
https://doi.org/10.1111/j.1467-8624.2006.00891.x
https://doi.org/10.1152/ajpendo.00199.2003
https://doi.org/10.1152/ajpendo.00199.2003
https://psycnet.apa.org/doi/10.1163/156853900501999
https://doi.org/10.1139/z85-375
https://doi.org/10.1016/S0091-3057%2802%2900793-1
https://doi.org/10.1016/S0091-3057%2802%2900793-1
https://doi.org/10.1016/S0169-5347(00)89141-7
https://doi.org/10.2307/3503965
https://doi.org/10.1093/beheco/aru235
https://doi.org/10.1093/beheco/aru235
https://doi.org/10.1615/CritRevNeurobiol.v12.i1-2.50
https://doi.org/10.1016/j.physbeh.2011.12.007
https://doi.org/10.1093/beheco/aru186
https://doi.org/10.1371/journal.pmed.1000316
https://doi.org/10.1371/journal.pmed.1000316
https://doi.org/10.1126/science.3399889
https://doi.org/10.1093/beheco/arn149
https://doi.org/10.1016/j.ygcen.2007.08.011
https://doi.org/10.1111/j.1365-294X.2007.03089.x
https://cran.r-project.org/package%3Dggpubr
https://doi.org/10.1111/eth.12256
https://doi.org/10.1016/j.neubiorev.2017.12.005
https://doi.org/10.1016/j.beproc.2012.12.006
https://doi.org/10.1098/rsos.170740
https://doi.org/10.1016/j.biopsycho.2004.11.009
https://doi.org/10.1016/j.biopsycho.2004.11.009
https://doi.org/10.1086/515862
https://doi.org/10.1006/hbeh.1998.1493
https://doi.org/10.1006/hbeh.1998.1493
https://doi.org/10.1016/S0018-506X(02)00017-X
https://doi.org/10.1016/S0018-506X(02)00017-X
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1037/a0039435


HormonesandBehavior116(2019)104577 G.M. Pinho, et al. 

11 

 

 

 
https://doi.org/10.1073/pnas.1009882107. 

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., Sharma, S., 

Pearson, D., Plotsky, P.M., Meaney, M.J., 1997. Maternal care, hippocampal gluco- 

corticoid receptors, and hypothalamic-pituitary-adrenal responses to stress. Science 

277, 1659–1662. https://doi.org/10.1126/science.277.5332.1659. 

Luby, J.L., Barch, D.M., Belden, A., Gaffrey, M.S., Tillman, R., Babb, C., Nishino, T., 

Suzuki, H., Botteron, K.N., 2012. Maternal support in early childhood predicts larger 

hippocampal volumes at school age. Proc. Natl. Acad. Sci. 109, 2854–2859. https:// 

doi.org/10.1073/pnas.1118003109. 

Lunn, N.J., Boyd, I.L., Croxall, J.P., 1994. Reproductive performance of female Antarctic 

fur seals: the influence of age, breeding experience, environmental variation and 

individual quality. J. Anim. Ecol. 63, 827–840. https://doi.org/10.2307/5260. 

Mady, R.P., Blumstein, D.T., 2017. Social security: are socially connected individuals less 

vigilant? Anim. Behav. 134, 79–85. https://doi.org/10.1016/j.anbehav.2017.10.010. 

Maguire, J., Mody, I., 2016. Behavioral deficits in juveniles mediated by maternal stress 

hormones in mice. Neural Plast 25016, 2762518. https://doi.org/10.1155/2016/ 

2762518. 

Maher, C.R., 2009. Effects of relatedness on social interaction rates in a solitary marmot. 

Anim. Behav. 78, 925–933. https://doi.org/10.1016/j.anbehav.2009.06.027. 

Mairesse, J., Lesage, J., Breton, C., Bre, B., Hahn, T., Darnaude, M., Dickson, S.L., Seckl, 

J., Blondeau, B., Vieau, D., Maccari, S., Viltart, O., 2007. Maternal stress alters en- 

docrine function of the feto-placental unit in rats. Am. J. Physiol. Endocrinol. Metab. 

292, 1526–1533. https://doi.org/10.1152/ajpendo.00574.2006. 

Maldonado-Chaparro, A.A., Hubbard, L., Blumstein, D.T., 2015. Group size affects social 

relationships in yellow-bellied marmots (Marmota flaviventris). Behav. Ecol. 26, 

909–915. https://doi.org/10.1093/beheco/arv034. 

Monclús, R., Tiulim, J., Blumstein, D.T., 2011. Older mothers follow conservative stra- 

tegies under predator pressure: the adaptive role of maternal glucocorticoids in 

yellow-bellied marmots. Horm. Behav. 60, 660–665. https://doi.org/10.1016/j. 

yhbeh.2011.08.019. 

Moody, J., White, D.R., 2003. Structural cohesion and embeddedness: a hierarchical 

concept of social groups. Am. Sociol. Rev. 68, 103–127. https://doi.org/10.2307/ 

3088904. 

Mora, S., Dussaubat, N., Díaz-Véliz, G., 1996. Effects of the estrous cycle and ovarian 

hormones on behavioral indices of anxiety in female rats. Psychoneuroendocrinology 

21, 609–620. https://doi.org/10.1016/S0306-4530(96)00015-7. 

Negrin, A., Fuentes, C., Espinosa, D., Dias, P., 2016. The loss of behavioral diversity as a 

consequence of anthropogenic habitat disturbance: the social interactions of black 

howler monkeys. Primates 57, 9–15. https://doi.org/10.1007/s10329-015-0503-1. 

Ondrasek, N.R., Wade, A., Burkhard, T., Hsu, K., Nguyen, T., Post, J., Zucker, I., 2015. 

Environmental modulation of same-sex affiliative behavior in female meadow voles 

(Microtus pennsylvanicus). Physiol. Behav. 140, 118–126. https://doi.org/10.1016/j. 

physbeh.2014.12.021. 

Palanza, P., Parmigiani, S., 2017. How does sex matter? Behavior, stress and animal 

models of neurobehavioral disorders. Neurosci. Biobehav. Rev. 76, 134–143. https:// 

doi.org/10.1016/j.neubiorev.2017.01.037. 

Palanza, P., Gioiosa, L., Parmigiani, S., 2001. Social stress in mice: gender differences and 

effects of estrous cycle and social dominance. Physiol. Behav. 73, 411–420. https:// 

doi.org/10.1016/S0031-9384(01)00494-2. 

Palme, R., 2005. Measuring fecal steroids: guidelines for practical application. Ann. N. Y. 

Acad. Sci. 1046, 75–80. https://doi.org/10.1196/annals.1343.007. 

Pan, P., Fleming, A.S., Lawson, D., Jenkins, J.M., Mcgowan, P.O., 2014. Within- and 

between-litter maternal care alter behavior and gene regulation in female offspring. 

Behav. Neurosci. 128, 736–748. https://doi.org/10.1037/bne0000014. 

Pan, P., Lawson, D.O., Dudin, A., Vasquez, O.E., Sokolowski, M.B., Fleming, A.S., 

McGowan, P.O., 2018. Both maternal care received and genotype influence stress - 

related phenotype in female rats. Dev. Psychobiol. 60, 889–902. https://doi.org/10. 

1002/dev.21770. 

Pasinelli, G., Walters, J.R., 2002. Social and environmental factors affect natal dispersal 

and philopatry of male red-cockaded woodpeckers. Ecology 83, 2229–2239. https:// 

doi.org/10.1890/0012-9658(2002)083[2229:SAEFAN]2.0.CO;2. 

Peña, C.J., Champagne, F.A., 2013. Implications of temporal variation in maternal care 

for the prediction of neurobiological and behavioral outcomes in offspring. Behav. 

Neurosci. 127, 33–46. https://doi.org/10.1037/a0031219. 

Petelle, M.B., McCoy, D.E., Alejandro, V., Martin, J.G.A., Blumstein, D.T., 2013. 

Development of boldness and docility in yellow-bellied marmots. Anim. Behav. 86, 

1147–1154. https://doi.org/10.1016/j.anbehav.2013.09.016. 

Petelle, M.B., Dang, B.N., Blumstein, D.T., 2017. The effect of maternal glucocorticoid 

levels on juvenile docility in yellow-bellied marmots. Horm. Behav. 89, 86–91. 

https://doi.org/10.1016/j.yhbeh.2016.12.014. 

Pinter-Wollman, N., Isbell, L.A., Hart, L.A., 2009. The relationship between social beha- 

viour and habitat familiarity in African elephants (Loxodonta africana). Proc. R. Soc. B 

276, 1009–1014. https://doi.org/10.1098/rspb.2008.1538. 

Pittet, F., Babb, J.A., Carini, L., Nephew, B.C., 2017. Chronic social instability in adult 

female rats alters social behavior, maternal aggression and offspring development. 

Dev. Psychobiol. 59, 291–302. https://doi.org/10.1002/dev.21491. 

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R 

Foundation for Statistical Computing, Vienna, Austria. 

R Development Core Team, 2016. R: A Language and Environment for Statistical 

Computing. R Foundation for Statistical Computing, Vienna, Austria. 

Ralph, C.R., Tilbrook, A.J., 2016. The hypothalamo-pituitary-adrenal (HPA) axis in sheep 

is attenuated during lactation in response to psychosocial and predator stress. 

Domest. Anim. Endocrinol. 55, 66–73. https://doi.org/10.1016/j.domaniend.2015. 

11.003. 

Reeder, D.M., Kunz, T.H., Widmaier, E.P., 2004. Baseline and stress-induced glucocorti- 

coids during reproduction in the variable flying fox, Pteropus hypomelanus 

 
(Chiroptera: Pteropodidae). J. Exp. Zool. Part A 301, 682–690. https://doi.org/10. 

1002/jez.a.58. 

Rosenblum, L.A., Andrews, M.W., 1994. Influences of environmental demand on maternal 

behavior and infant development. Acta Paediatr. Suppl. 397, 57–63. https://doi.org/ 

10.1111/j.1651-2227.1994.tb13266.x. 

Rosvall, M., Axelsson, D., Bergstrom, C.T., 2009. The map equation. Eur. Phys. J. Spec. 

Top. 178, 13–23. https://doi.org/10.1140/epjst/e2010-01179-1. 

Ruf, T., Arnold, W., 2000. Mechanisms of social thermoregulation in hibernating Alpine 

marmots (Marmota marmota). In: Heldmaier, G., Klingenspor, M. (Eds.), Life in the 

Cold. Springer, pp. 81–94. 

Sapolsky, R.M., Alberts, S.C., Altmann, J., 1997. Hypercortisolism associated with social 

subordinance or social isolation among wild baboons. Arch. Gen. Psychiatry 54, 

1137–1143. https://doi.org/10.1001/archpsyc.1997.01830240097014. 

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence 

stress responses? Integrating permissive, suppressive, stimulatory, and preparative 

actions. Endocr. Rev. 21, 55–89. https://doi.org/10.1210/er.21.1.55. 

Sayler, A., Salmon, M., 1969. Communal nursing in mice: influence of multiple mothers 

on the growth of the young. Science 164, 1309–1310. https://doi.org/10.1126/ 

science.164.3885.1309. 

Schino, G., Troisi, A., 2005. Neonatal abandonment in Japanese macaques. Am. J. Phys. 

Anthropol. 126, 447–452. https://doi.org/10.1002/ajpa.20078. 

Sheriff, M.J., Love, O.P., 2013. Determining the adaptive potential of maternal stress. 

Ecol. Lett. 16, 271–280. https://doi.org/10.1111/ele.12042. 

Sheriff, M.J., Krebs, C.J., Boonstra, R., 2010. Assessing stress in animal populations: do 

fecal and plasma glucocorticoids tell the same story? Gen. Comp. Endocrinol. 166, 

614–619. https://doi.org/10.1016/j.ygcen.2009.12.017. 

Silk, J.B., 2007. The adaptive value of sociality in mammalian groups. Phil. Trans. R. Soc. 

B 362, 539–559. https://doi.org/10.1098/rstb.2006.1994. 

Silk, J.B., Alberts, S.C., Altmann, J., 2003. Social bonds of female baboons. Science 302, 

1231–1235. https://doi.org/10.1126/science.1088580. 

Silk, J.B., Beehner, J.C., Bergman, T.J., Crockford, C., Engh, A.L., Moscovice, L.R., Wittig, 

R.M., Seyfarth, R.M., Cheney, D.L., 2009. The benefits of social capital: close social 

bonds among female baboons enhance offspring survival. Proc. R. Soc. B 276, 3099–

3104. https://doi.org/10.1098/rspb.2009.0681. 

Silk, J.B., Beehner, J.C., Bergman, T.J., Crockford, C., Engh, A.L., Moscovice, L.R., Wittig, 

R.M., Seyfarth, R.M., Cheney, D.L., 2010. Strong and consistent social bonds enhance 

the longevity of female baboons. Curr. Biol. 20, 1359–1361. https://doi.org/10. 

1016/j.cub.2010.05.067. 

Smith, J.E., Monclús, R., Wantuck, D., Florant, G.L., Blumstein, D.T., 2012. Fecal gluco- 

corticoid metabolites in wild yellow-bellied marmots: experimental validation, in- 

dividual differences and ecological correlates. Gen. Comp. Endocrinol. 178, 417–426. 

https://doi.org/10.1016/j.ygcen.2012.06.015. 

Snyder, R.J., Perdue, B.M., Zhang, Z., Maple, T.L., Charlton, B.D., 2016. Giant panda 

maternal care: a test of the experience constraint hypothesis. Sci. Rep. 6, 27509. 

https://doi.org/10.1038/srep27509. 

Stroud, L.R., Salovey, P., Epel, E.S., 2002. Sex differences in stress responses: social re- 

jection versus achievement stress. Biol. Psychiatry 52, 318–327. https://doi.org/10. 

1016/S0006-3223(02)01333-1. 

Sunderland, N., Heffernan, S., Thomson, S., Hennessy, A., 2008. Maternal parity affects 

neonatal survival rate in a colony of captive bred baboons (Papio hamadryas). J. Med. 

Primatol. 37, 223–228. https://doi.org/10.1111/j.1600-0684.2007.00277.x. 

Taylor, S.E., Klein, L.C., Lewis, B.P., Gruenewald, T.L., Gurung, R.A.R., Updegraff, J.A., 

2000. Biobehavioral responses to stress in females: tend-and-befriend, not fight-or- 

flight. Psychol. Rev. 107, 411–429. https://psycnet.apa.org/doi/10.1037/0033- 

295X.107.3.411. 

Toki, S., Morinobu, S., Imanaka, A., Yamamoto, S., Yamawaki, S., Honma, K., 2007. 

Importance of early lighting conditions in maternal care by dam as well as anxiety 

and memory later in life of offspring. Eur. J. Neurosci. 25, 815–829. https://doi.org/ 

10.1111/j.1460-9568.2007.05288.x. 

Touma, C., Palme, R., 2005. Measuring fecal glucocorticoid metabolites in mammals and 

birds: the importance of validation. Ann. N. Y. Acad. Sci. 1046, 54–74. https://doi. 

org/10.1196/annals.1343.006. 

Tu, T.M., Lupien, S.J., Walker, C.D., 2005. Measuring stress responses in postpartum 

mothers: perspectives from studies in human and animal populations. Stress 8, 19–

34. https://doi.org/10.1080/10253890500103806. 

Ubeda, C., Lipuma, L., Gobourne, A., Viale, A., Leiner, I., Equinda, M., Khanin, R., Pamer, 

E.G., 2012. Familial transmission rather than defective innate immunity shapes the 

distinct intestinal microbiota of TLR-deficient mice. J. Exp. Med. 209, 1445–1456. 

https://doi.org/10.1084/jem.20120504. 

Van Vuren, D.H., 2001. Predation on yellow-bellied marmots (Marmota flaviventris). Am. 

Midl. Nat. 145, 94–100. 

Vander Wal, E., Festa-Bianchet, M., Réale, D., Coltman, D.W., Pelletier, F., 2015. Sex- 

based differences in the adaptive value of social behavior contrasted against mor- 

phology and environment. Ecology 96, 631–641. https://doi.org/10.1890/14- 

1320.1. 

Wang, Z., Novak, M.A., 1994. Parental care and litter development in primiparous and 

multiparous prairie voles (Microtus ochrogaster). J. Mammal. 75, 18–23. https://doi. 

org/10.2307/1382232. 

Wasserman, S., Faust, K., 1994. Social Network Analysis: Methods and Applications. 

Cambridge University Press, New York. 

Weaver, I.C.G., Cervoni, N., Champagne, F.A., Alessio, A.C.D., Sharma, S., Seckl, J.R., 

Dymov, S., Szyf, M., Meaney, M.J., 2004. Epigenetic programming by maternal be- 

havior. Nature 7, 847–854. https://doi.org/10.1038/nn1276. 

Wey, T.W., Blumstein, D.T., 2012. Social attributes and associated performance measures 

in marmots: bigger male bullies and weakly affiliating females have higher annual 

reproductive success. Behav. Ecol. Sociobiol. 66, 1075–1085. https://doi.org/10. 

https://doi.org/10.1073/pnas.1009882107
https://doi.org/10.1126/science.277.5332.1659
https://doi.org/10.1073/pnas.1118003109
https://doi.org/10.1073/pnas.1118003109
https://doi.org/10.2307/5260
https://doi.org/10.1016/j.anbehav.2017.10.010
https://doi.org/10.1155/2016/2762518
https://doi.org/10.1155/2016/2762518
https://doi.org/10.1016/j.anbehav.2009.06.027
https://doi.org/10.1152/ajpendo.00574.2006
https://doi.org/10.1093/beheco/arv034
https://doi.org/10.1016/j.yhbeh.2011.08.019
https://doi.org/10.1016/j.yhbeh.2011.08.019
https://doi.org/10.2307/3088904
https://doi.org/10.2307/3088904
https://doi.org/10.1016/S0306-4530(96)00015-7
https://doi.org/10.1007/s10329-015-0503-1
https://doi.org/10.1016/j.physbeh.2014.12.021
https://doi.org/10.1016/j.physbeh.2014.12.021
https://doi.org/10.1016/j.neubiorev.2017.01.037
https://doi.org/10.1016/j.neubiorev.2017.01.037
https://doi.org/10.1016/S0031-9384(01)00494-2
https://doi.org/10.1016/S0031-9384(01)00494-2
https://doi.org/10.1196/annals.1343.007
https://doi.org/10.1037/bne0000014
https://doi.org/10.1002/dev.21770
https://doi.org/10.1002/dev.21770
https://doi.org/10.1037/a0031219
https://doi.org/10.1016/j.anbehav.2013.09.016
https://doi.org/10.1016/j.yhbeh.2016.12.014
https://doi.org/10.1098/rspb.2008.1538
https://doi.org/10.1002/dev.21491
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0510
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0510
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0515
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0515
https://doi.org/10.1016/j.domaniend.2015.11.003
https://doi.org/10.1016/j.domaniend.2015.11.003
https://doi.org/10.1002/jez.a.58
https://doi.org/10.1002/jez.a.58
https://doi.org/10.1111/j.1651-2227.1994.tb13266.x
https://doi.org/10.1111/j.1651-2227.1994.tb13266.x
https://doi.org/10.1140/epjst/e2010-01179-1
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0540
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0540
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0540
https://doi.org/10.1001/archpsyc.1997.01830240097014
https://doi.org/10.1210/er.21.1.55
https://doi.org/10.1126/science.164.3885.1309
https://doi.org/10.1126/science.164.3885.1309
https://doi.org/10.1002/ajpa.20078
https://doi.org/10.1111/ele.12042
https://doi.org/10.1016/j.ygcen.2009.12.017
https://doi.org/10.1098/rstb.2006.1994
https://doi.org/10.1126/science.1088580
https://doi.org/10.1098/rspb.2009.0681
https://doi.org/10.1016/j.cub.2010.05.067
https://doi.org/10.1016/j.cub.2010.05.067
https://doi.org/10.1016/j.ygcen.2012.06.015
https://doi.org/10.1038/srep27509
https://doi.org/10.1016/S0006-3223(02)01333-1
https://doi.org/10.1016/S0006-3223(02)01333-1
https://doi.org/10.1111/j.1600-0684.2007.00277.x
https://psycnet.apa.org/doi/10.1037/0033-295X.107.3.411
https://psycnet.apa.org/doi/10.1037/0033-295X.107.3.411
https://doi.org/10.1111/j.1460-9568.2007.05288.x
https://doi.org/10.1111/j.1460-9568.2007.05288.x
https://doi.org/10.1196/annals.1343.006
https://doi.org/10.1196/annals.1343.006
https://doi.org/10.1080/10253890500103806
https://doi.org/10.1084/jem.20120504
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0640
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0640
https://doi.org/10.1890/14-1320.1
https://doi.org/10.1890/14-1320.1
https://doi.org/10.2307/1382232
https://doi.org/10.2307/1382232
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0655
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0655
https://doi.org/10.1038/nn1276
https://doi.org/10.1007/s00265-012-1358-8


HormonesandBehavior116(2019)104577 G.M. Pinho, et al. 

12 

 

 

 
1007/s00265-012-1358-8. 

Wey, T., Blumstein, D.T., Shen, W., Jordán, F., 2008. Social network analysis of animal 

behaviour: a promising tool for the study of sociality. Anim. Behav. 75, 333–344. 

https://doi.org/10.1016/j.anbehav.2007.06.020. 

Wey, T.W., Lin, L., Patton, M.L., Blumstein, D.T., 2015. Stress hormone metabolites 

predict overwinter survival in yellow-bellied marmots. Acta Ethol 18, 181–185. 

https://doi.org/10.1007/s10211-014-0204-6. 

Whirledge, S., Cidlowski, J.A., 2010. Glucocorticoids, stress, and fertility. Minerva 

Endocrinol. 35, 109–125. https://doi.org/10.1586/eem.10.1. 

Whitehead, H., 2009. SOCPROG programs: Analysing animal social structures. Behav. 

Ecol. Sociobiol. 63, 765–778. https://doi.org/10.1007/s00265-008-0697-y. 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New 

York. 

Williams, C.T., Kitaysky, A.S., Kettle, A.B., Buck, C.L., 2008. Corticosterone levels of 

 
tufted puffins vary with breeding stage, body condition index, and reproductive 

performance. Gen. Comp. Endocrinol. 158, 29–35. https://doi.org/10.1016/j.ygcen. 

2008.04.018. 

Yang, W.J., Maldonado-Chaparro, A.A., Blumstein, D.T., 2017. A cost of being amicable in 

a hibernating mammal. Behav. Ecol. 28, 11–19. https://doi.org/10.1093/beheco/ 

arw125. 

Yoerg, S.I., 1999. Solitary is not asocial: effects of social contact in kangaroo rats (het- 

eromyidae: Dipodomys heermanni). Ethology 105, 317–333. https://doi.org/10.1046/ 

j.1439-0310.1999.00392.x. 

Zedrosser, A., Dahle, B., Swenson, J.E., 2009. The effects of primiparity on reproductive 

performance in the brown bear. Oecologia 160, 847–854. https://doi.org/10.1007/ 

s00442-009-1343-8. 

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Models and 

Extensions in Ecology with R. Springer, New York. 

https://doi.org/10.1007/s00265-012-1358-8
https://doi.org/10.1016/j.anbehav.2007.06.020
https://doi.org/10.1007/s10211-014-0204-6
https://doi.org/10.1586/eem.10.1
https://doi.org/10.1007/s00265-008-0697-y
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0690
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0690
https://doi.org/10.1016/j.ygcen.2008.04.018
https://doi.org/10.1016/j.ygcen.2008.04.018
https://doi.org/10.1093/beheco/arw125
https://doi.org/10.1093/beheco/arw125
https://doi.org/10.1046/j.1439-0310.1999.00392.x
https://doi.org/10.1046/j.1439-0310.1999.00392.x
https://doi.org/10.1007/s00442-009-1343-8
https://doi.org/10.1007/s00442-009-1343-8
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0715
http://refhub.elsevier.com/S0018-506X(19)30156-4/rf0715

