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Abstract

Male–male contest behavior can contribute to spatial dis-

tributions of male pinnipeds during breeding seasons. To

maximize breeding opportunities, the most competitive

males would be expected to be surrounded by the

highest numbers of reproductive-age females. As infor-

mation regarding fine-scale spatial ecology of Weddell

seals is lacking, we performed an exploratory study using

kernel density analyses to evaluate age-specific habitat

use of male Weddell seals in Erebus Bay, Antarctica.

Additionally, we investigated the relationship between

age and number of surrounding reproductive-age females

using a competing set of regression models in a Bayesian

framework that considered different functional forms of

age while incorporating individual heterogeneity. As male

adult Weddell seals aged, to at least 20 years, they were

more likely to be found in areas associated with the

greatest densities of reproductive-age females, but indi-

vidual heterogeneity also influenced the number of

reproductive-age female neighbors. The youngest males

tended to haul out in offshore areas associated with bet-

ter hunting, and older males tended to settle in more

nearshore areas associated with more pup production.

Our findings from this preliminary investigation indicate

that male Weddell seal spatial behavior during the breed-

ing season varies with age and individual and might be

related to reproductive activity.
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1 | INTRODUCTION

Variation in habitat usage is often interpreted through the lens of natural selection, which posits that individuals

should settle in the highest-quality habitat to maximize fitness (Clark & Shutler, 1999; Fretwell, 1969). However,

diverse habitat features can dictate spatial patterns of animals, such as thermoregulatory resources (Wolf

et al., 2005), exposure to predators and harsh weather (Krafft et al., 2007), the quality of individuals (Carrete

et al., 2006) and potential mates (Trivers, 1972). Sexual selection can also influence how animals spatially distribute

themselves in a habitat. Variation in spatial distribution can stem from competition of males seeking optimal sites for

displaying to females (Winemiller, 1992). During the breeding season, access to reproductive females and male–male

contest behavior can most strongly affect the spatial distribution of males of several taxa (Le Boeuf, 1974; Magaña

et al., 2011; Post & Jeanne, 1983; Sacks et al., 1999; Sherry & Holmes, 1989; Wahlström, 1994). Observations of

some species have found that older males have a tendency to obtain high-quality breeding sites (Coulson, 1968;

Pärt, 2001). Although many studies have demonstrated that animals can differentially partition their habitat usage

based on sex and age, determining the sex and age of marine mammals as well as obtaining a sample of diverse ages,

often poses challenges. These challenges tend to limit the number of marine mammal studies investigating fine-scale

habitat use by different demographic groups (Baker & Thompson, 2007; Sprogis et al., 2018).

For pinniped species, locations of where females haul out can influence where males settle and form territories

during the breeding season (Krafft et al., 2007). The dominance status of males can also dictate the spatial arrange-

ment of display territories for male–male contest behavior (Le Boeuf, 1974; Magaña et al., 2011), which might lead

to age-specific spatial arrangements of males. Engaging in reproductive behavior can also influence spatial use of the

habitat. In some species, older males can exhibit aggressive behavior towards and can deter younger males

(Connor & Krützen, 2015; Wahlström, 1994), or younger, nonterritorial males might elect to avoid areas where terri-

torial animals settle (Sacks et al., 1999). Therefore, in colonially breeding species with male–male contests, such as

pinniped species, the age and quality of the individuals (e.g., physiological condition) at each colony can be a factor in

where males position themselves in the habitat (Wolf et al., 2005).

Weddell seals (Leptonychotes weddellii, Lesson 1826) form breeding colonies on sea ice along perennial tidal

cracks in Erebus Bay, Antarctica, in late September to early October. Females arrive in late September and October

to give birth to pups, and mothers and pups spend about 2 weeks constantly on the ice in these breeding colonies

before taking intermittent swims throughout the rest of the 6- to 7-week nursing period (Siniff et al., 2008;

Stirling, 1969). During this time and through December, males engage in underwater male–male contests along tidal

cracks associated with breeding colonies and use visual and acoustic displays to attract females, but they take breaks

to haul-out on the ice in the breeding colonies among other males and females (Bartsh et al., 1992; Siniff

et al., 1977). Mating occurs in December after females have weaned their pups.

Hastings and Testa (1998) found that older female Weddell seals in Erebus Bay with more pupping experience

tended to pup at the more crowded nearshore locations, whereas mothers in locations farther offshore tended to

produce pups that exhibited lower survival rates relative to those living closer to shore. As sexual selection favors

traits that lead to breeding success (Emlen & Oring, 1977), male Weddell seals would likely compete for access to

either females of the highest quality or the greatest number of females. Therefore, it is possible that better male

competitors are more likely to be observed in the nearshore areas of the habitat. However, Hadley et al. (2008)

found no variation in age-specific survival rates and a higher probability of age-specific first reproduction from pups

that were born at offshore locations compared to nearshore locations. Because females born at offshore locations
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have higher probabilities of breeding than females born at nearshore sites (Hadley et al., 2008), better male competi-

tors might, instead, make greater long-term reproductive investments by mating with females at offshore locations.

Finally, the age of male Weddell seals might relate to their observed haul-out location in Erebus Bay, and age might

be linked with male–male competitive ability, as has been reported for other pinniped species (Clinton & Le

Boeuf, 1993; Coltman et al., 1999; Godsell, 1991; Lidgard et al., 2012, but see Lidgard et al., 2005). The oldest

Weddell seal males might establish themselves in the areas most densely occupied by reproductive-age females, as

they would have the most experience defending territories and might have reached a higher social rank than their

younger conspecifics. Alternatively, male Weddell seals of intermediate reproductive ages (10–16 years of age;

Gelatt, 2001) might have better physical prowess for male–male contests and be most likely to settle near the

greatest densities of females.

The objective of this study was to describe the spatial arrangement of male Weddell seals in Erebus Bay, Antarc-

tica, from 2014 through 2018. We specifically sought to address the following research questions: (1) Do older male

Weddell seals tend to haul out in areas of the habitat that have higher densities of reproductive-age females? (2) Is

there a relationship between male age and the number of reproductive-age female neighbors while hauled out on

the ice?

2 | METHODS

2.1 | Study site

Data were collected in Erebus Bay, Antarctica (77.7�S, 166.5�E) from 2014 to 2018 from late September through

early December, when male Weddell seals engage in underwater aggressive male–male contest behavior (Bartsh

et al., 1992; Siniff et al., 1977). This behavior can include defense of an area by excluding other males from the area,

but observations of this kind of territorial behavior are limited (Harcourt et al., 2000). Female Weddell seals haul out

across about 13 breeding colonies located on the land-fast ice in the subtidal zone, which forms in March or April

and breaks out in late February or March of the following year (Heine, 1963; Jeffries et al., 1993).

2.2 | Marking and re-observation of individual males

From a long-term mark-recapture effort from 1980 to 2018, individually identifiable livestock tags were applied to

the interdigital webbing of the rear flippers within 2 days following birth of all Weddell seal pups observed in Erebus

Bay, which allowed us to determine the identity and age for all individuals that were born in the study area. Each

year from early November to early December, approximately six repeated surveys were conducted in which the

identities of all previously tagged individuals hauled out and observable on the sea ice surface were recorded. Survey

effort spanned either one full day or two consecutive days when two days were necessary to traverse the full study

site (e.g., during years when seal abundance in the study site was particularly high, sea ice conditions complicated

travel, or weather caused delays), and separate surveys occurred between four and six days apart from one another.

From 2014 to 2018, latitude and longitude coordinates were obtained for a precise measurement (3 m) of spatial

locations of seals.

2.3 | Statistical analyses

To investigate if the distribution of male Weddell seals in the Erebus Bay study site varied with age during the breed-

ing season, we performed fixed-bandwidth kernel density analysis. To compare where males of different age groups
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settled in the Erebus Bay study site in relation to where prime-aged females settled (see below), we also performed

kernel density analysis for females in this age range. Females reach a peak in the probability of reproducing during

intermediate reproductive ages centering around 16 years of age, with a range of 12–20 years of age (Paterson

et al., 2018), defined here as prime-aged females. To compare where males of different age groups settled in the Ere-

bus Bay study site to the relative densities of pup production, we also performed kernel density analysis for pups.

Visual depictions of spatial data were overlaid on imagery obtained from Google imagery using ggmap (Kahle

et al., 2019) and the R software environment (R Core Team, 2019).

Kernel density methods result in probability density functions that estimate the spatial distribution of animals,

using nonparametric smoothing parameters to display the relative concentration of spatial points (Worton, 1989).

We used kernel density estimation to identify high-use areas by Weddell seals of different ages. To compare the dis-

tribution and density of males of different ages, we partitioned the male recapture data into the following age

groups: 2–4 years of age, which represents prebreeding through the youngest known age males (3 years) to engage

in reproductive activity (Harcourt et al., 2007); 5–10 years of age, which represents the earliest known age (5 years)

of males exhibiting male–male contest behavior through the age at which many males exhibit reproductive behaviors

(Bartsh et al., 1992) but are not as likely to sire offspring (Gelatt, 2001); 11–19 years of age, which represents the

age by which almost all males engage in male–male contest behavior (11 years, Bartsh et al. 1992) and are likely to

sire offspring (Gelatt, 2001); and 20–28 years of age, which represents the oldest known age of siring offspring

(20 years; Harcourt et al. 2007) and older. Reproductively active males often spend more time in the water during

peak breeding, but they tend to haul out for as long as nonreproductive males early and late in the breeding season

(Bartsh et al., 1992). Data were pooled across surveys and years. For kernel density estimates and plots, we used the

sp (Pebesma et al., 2019), MASS (Ripley et al., 2019), spatialEco (Evans & Ram, 2019), and ggspatial (Dunnington &

Thorne, 2018) packages in the R programming language (R Core Team, 2019). As the bandwidth can bias the kernel

density estimate, we selected a bandwidth using the plug-in method described by Sheather and Jones (1991). The

Sheather-Jones plug-in method is optimal for large sample sizes (Harpole et al., 2014).

We conducted regression modeling in a Bayesian framework to evaluate the relationship between the number

of reproductive-age female conspecifics within a 100 m radius of individual male Weddell seals as a function of male

age. We used the mean age at first reproduction of 7 years for females (Paterson et al., 2018) to define our lower

boundary of female reproductive age. As females are known to produce pups at all ages >5 years, we did not define

an upper boundary of reproductive age. Therefore, reproductive-age females are defined here as females ≥7 years of

age. Male Weddell seals vary in the age at which they become reproductively active (Bartsh et al., 1992) and might

also vary in individual quality with regard to age-specific reproductive effort. Therefore, we predicted that individual

heterogeneity would play a role in the number of reproductive-age female neighbors that were within 100 m of a

male. We selected a radius of 100 m because that seemed appropriate given that Weddell seals tend to space them-

selves about 5 m from their nearest neighbor during the breeding season (Stirling, 1969), and the median distance

between multiple observations of a hauled out male Weddell seal within a single season was 80 m. Using a radius of

50 m, only 57% of the observations had at least one female neighbor, but using a radius of 100 m, 69% of the obser-

vations had a least one female neighbor. Therefore, we selected a radius of 100 m to strike a balance between hav-

ing a high enough probability that males will have female neighbors and not covering too much distance of a single

breeding colony. We discuss our results taking into account our selected radius.

To assess the relationship between the number of reproductive-age females surrounding a male and the age of

the male, we built five candidate models that each included (1) a random effect of the individual male (some males

were observed multiple times within and among years) and (2) allowed the intercept to vary by year (year was

treated as a factor coded such that the intercept represented the average value across years, i.e., sums contrasts

were used). Our candidate models included an intercept-only model, a threshold model that combined age groups

(treated as factors), and models with three different functional forms for age: linear, quadratic, and logarithmic (see

notation below). The age groups for the threshold model were the same four groups as described above for the ker-

nel density analyses. We used the linear model to evaluate support for the idea that the number of reproductive-age
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females within 100 m of a male would steadily increase with male age. The quadratic model allows the number of

reproductive-age females near a male to increase with male age for younger males, to peak at some intermediate

(prime) male age and to decline at older ages. The logarithmic model allows the number of reproductive-age females

near a male to initially increase with male age but then to reach a pseudo-threshold at older ages, i.e., approach but

never reach an asymptote (Franklin et al., 2000). We rescaled the male ages used in the models (age, age2, or ln[age])

by centering them about the mean to reduce the correlation among coefficients in the quadratic model

(Hocking, 2013). The random effect of individual was included in each model as normally distributed with a mean of

0 and variance of σ2individual, ~N(0, σ2individual) and structured such that they allow different individuals to have differ-

ent means.

We used the package rstanarm (Gabry et al., 2020) for R for all regression analyses. As our response data were

overdispersed count data, we used a negative binomial model structure (Allison & Waterman, 2002; Berk &

MacDonald, 2008). We specified our model as:

Yi~NB μi,kð Þ,

where Yi is the number of reproductive-age female neighbors within a 100 m radius of a male for recapture i and fol-

lows a negative binomial distribution with mean mi and dispersion k.

The mean and variance of Yi can be defined as:

E yið Þ= μi andvar Yið Þ= μi + μ2 × k,

where k is the reciprocal of the dispersion parameter, and overdispersion is present when μ2 × k is > 0.

Our regression models were specified as:

Y i, j½ �~NB β0 + β1 ×Ai…+ βj ×Yj + γind × I
� �

,

where β0 and β1 are regression coefficients for the intercept and the age structure (A) for each specific functional

form (i.e., age, age + age2, or ln[age]) for each recapture, i, and each year (Yj); and γind is the random effect for each

individual and is defined as:

γind~N 0,σ2ind
� �

,

where σ2ind is the variance associated with the random effect of individual identity.

A Markov Chain Monte Carlo (MCMC) approach estimated the posterior distribution of our model parameters

(Casella & George, 1992; Gelfand & Smith, 1990; Geman & Geman, 1993) using four chains. We used independent,

vague normal priors with a mean of 0 and standard deviation of 10 for the intercept and a mean of 0 and standard

deviation of 2.5 for the coefficients; we used a vague exponential prior for the reciprocal dispersion with a rate of

1. We used an independent, vague normal prior with the mean set to 0 and variance as σ2individual. After 1,000 burn-

in iterations, we ran an additional 1,000 iterations per chain, resulting in 4,000 total samples from the posterior dis-

tribution. We evaluated the extent to which individual heterogeneity related to the variation in the age-specific num-

ber of reproductive-age female neighbors across males by calculating the posterior estimates for the mean − 2 σ2ind
(below-average random effects) and mean + 2 σ2ind (above-average random effects) and comparing these estimates

to the posterior estimates for the mean (average individual random effects) for an average year.

Using the R packages, coda (Plummer et al., 2006) and ggmcmc (Fernández-i-Marín, 2016), we assessed model

convergence by inspecting the trace plots and Geweke diagnostics (Geweke, 1991) and calculating the Gelman-

Rubin statistic, R̂, which indicates model convergence if values for all parameters are <1.1 (Gelman & Rubin, 1992),

for each monitored parameter. Once convergence was achieved, we calculated k-fold information criteria (kfoldic)
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values by partitioning the data set into 10 folds and compared scores for each of our competing models using the R

package loo (Vehtari et al., 2019). Finally, we evaluated the best-performing model's ability to predict data that com-

pared well with observed data using posterior predictive checks and by creating residual plots and plots comparing

simulated data from the best-performing model to the raw data (Conn et al., 2018). We present the uncertainty asso-

ciated with our model estimates using 95% credible intervals (95% CI).

3 | RESULTS

From 2014 to 2018, 31 surveys were completed to record the fine-scale spatial location data of known-age Weddell

seals during the breeding season, resulting in a total of 3,954 observations of 638 individual males. On average, an

individual male was observed approximately 10 times (SD = 5.25, range = 1–27 recaptures) during the 5-year study

period and approximately four times per year (SD = 1.59, range = 1–6). The average male was 9.76 years of age

(SD = 4.98, range = 1–28) and had a mean of 4.25 females of reproductive age within 100 m of him on the sea-ice

surface during a survey in which he was sighted (SD = 7.49, range = 0–48; Figure 1). The youngest males in our study

(ages 2–4 years) had a mean of 2.02 (SD = 5.23) reproductive-age female neighbors. Males aged 5–10 years had a

mean of 3.67 (SD = 6.51) reproductive-age female neighbors. Males aged 11–19 years had a mean of 6.00

(SD = 9.14) reproductive-age female neighbors. The oldest males (ages 20–28 years) had a mean of 4.76 (SD = 7.64)

reproductive-age female neighbors.

We found evidence that the prime-aged females settled in the southern nearshore area, where the greatest

number of pups tend to be born each year (Figure 2). The plots of relative densities of males in different age

groups supported our prediction that males of different ages used the Erebus Bay study site heterogeneously.

As males reached 20 years of age, a greater proportion of high usage areas were found in the more southern

and nearshore locations of the habitat associated with the breeding colony with the highest density of pups

and reproductive-age females. The youngest males tended to be more likely to be observed in the northern off-

shore areas of the habitat, and the oldest males were most likely to occupy the southern and nearshore areas

of the habitat but were also present in relatively high densities in the northern and offshore areas of the habitat

(Figure 3). The relative densities of prime-age females and of males in different age groups provide evidence

that males in the age class 11–19 years of age had the most spatial overlap with prime-age females (Figures 2

and 3). The proportion of overlap in 80% isopleth utilization distribution between prime-age females and males

aged 2–4 years was only 12.6%, for males aged 5–10 years was 36.9%, for males aged 11–19 years was 65.5%,

and for males 20 years of age and older was 23.4%.

Models that included age as a covariate outperformed the intercept-only model, but the three models that eval-

uated different functional forms of age performed similarly (Table 1). It is notable that each of these models did pro-

vide similar inference in a general sense: the expected number of reproductive-age females within a 100 m radius of

a male tended to increase with a male's age. The models differed the most for ages greater than 20 years of age,

where the sample size was modest (n = 148). Accordingly, we can only make weak inferences about patterns for the

oldest ages (see below). Further, it is important to recognize that our results only focus on a radius of 100 m, and it is

possible that a different pattern might emerge with a different radius.

Model diagnostics indicated that models achieved convergence (Table S1, Figure S1). Posterior-predictive

checks for the best-supported model (quadratic) indicated that our model was able to generate predicted values that

largely resemble our observed data; although, it slightly over-predicted the variation in the number of reproductive-

age female neighbors for some ages (Figures S2, S3, S4). Further, the coefficients for age (1.12) and age-squared

(−0.83) were estimated precisely such that the 95% CIs for those coefficients did not include 0 ([0.73, 1.50] for age,

[−1.21, −0.46] for age-squared). Estimated coefficients for adjustments from our baseline yearly effect of 2018

(mean = 0.60, 95% CI[0.47, 0.72]) ranged from an adjustment of 0.002 [−0.16, 0.16] in 2016 to −0.20 [−0.32,

−0.08] in 2014.
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The number of reproductive-age females within a 100 m radius of a male peaked at ages in the upper teens and

early 20s (Figure 4). However, the number of reproductive-age female neighbors varied little with age, and many

individuals across all ages did not have any reproductive-age female neighbors. As noted earlier, the youngest

reported age for a reproductively active male Weddell seal is 3 years, and our quadratic model predicts that an aver-

age 3-year-old male would have 0.95, 95% CI[0.75, 1.17] reproductive-age female within 100 m for an average indi-

vidual. By 9 years of age, nearly all males attempt to engage in reproductive activity (Bartsh et al., 1992), and the

average 9-year-old male is predicted to have 1.67, 95% CI[1.42, 1.94] reproductive-age females within 100 m. Six-

teen years of age is the upper end of the prime reproductive age range that Gelatt (2001) described for males, and

the average 16-year-old is predicted to have 2.40, 95% CI[2.04, 2.81] reproductive-age females within 100 m.

Finally, 20 years of age is the oldest known age at which males have reportedly sired offspring (Harcourt

et al., 2007), and the average 20-year-old male is predicted to have 2.54, 95% CI[2.17, 2.95] reproductive-age

females within 100 m.

For males >20 years old, the quadratic model predicts a drop-off in the number of females within 100 m. How-

ever, the uncertainty associated with the predicted number of reproductive-age female neighbors was higher for

these older ages as a result of smaller sample sizes, e.g., the average prediction for a 24-year-old male = 0.74, 95% CI

[0.28, 1.47]. Further, other supported models indicated that the number of reproductive-age female neighbors con-

tinued to increase with age for all ages, and those models received similar amounts of support. Thus, given those

results and the modest sample sizes for males over 20 years of age, we are unable to make any strong inferences

about patterns at the oldest ages. However, we do note that there were four individual males older than 20 years

that were observed with >10 reproductive-age female neighbors within 100 m and that one male aged 23 years was

repeatedly seen with >20 females nearby. Such observations were characterized by individual random effects as

described below.
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Individual random effects suggest that some males are expected to be near quite a few more reproductive-age

females than are other males of the same age (Table 2). Predicted values suggest some 20-year-old males are

predicted to have fewer than one (M = 0.17, 95% CI[0.09, 0.27]) reproductive-age female within 100 m, which is well

below the mean for that age (2.54, 95% CI[2.17, 2.95]). The average values for the random effect of individual

tended to be farther from 0 for very young and very old males. For example, the mean estimated random effect was

−0.20, 95% CI[−1.42, 1.73] for a 2-year-old male and was −1.04, 95% CI[−1.71, −0.20] for a 24-year-old male. In

contrast, for most other ages, the average values for random effects of individual were close to 0, e.g., 0.05, 95% CI

[−1.83, 1.72] for a 15-year-old male. The negative, relatively large estimated random effects for males >20 years of

age appear to be crucial to how the quadratic model accommodates low observed values for many of the oldest

males despite the fact that the model's age structure predicts that the average individuals at those oldest ages should

have many female neighbors. Thus, we conclude that the current data do not allow for strong inference at the oldest

ages but do show that at least a few old males are observed near many females.

4 | DISCUSSION

Our results provide the first fine-scale analysis of age-specific spatial patterns of male Weddell seals. Younger male

Weddell seals tended to occupy the more offshore locations with lower abundances of reproductive-age females. In

the more southern and nearshore areas of habitat, both densities and ages of males tended to be higher than they

F IGURE 2 Female and pup kernel density estimates. Recaptures and kernel densities of prime reproductive-age
female Weddell seals (a) and pups (b) in Erebus Bay, Antarctica reveal that these two demographic groups are most
likely to be found in the southern nearshore areas of the habitat. The lightest blue color represents a 20% isopleth,

and the darkest blue color represents an 80% isopleth. Relative densities of dependent pups indicate areas where
mothers were captured because mothers and pups are routinely in close proximity. Green diamonds indicate
offshore breeding colonies, and orange triangles indicate nearshore breeding colonies.
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F IGURE 3 Male age-specific kernel density estimates. Recaptures and kernel densities of male Weddell seals
(a) 2–4 years of age, which represents the prebreeding through youngest known age (3 years) to engage in
reproductive activity (Harcourt et al., 2007), (b) 5–10 years of age, which represents the earliest known age of males
exhibiting male–male contest behavior (5 years) through the age at which many males engage in male–male contest
behavior (Bartsh et al., 1992) but not as likely to sire offspring (Gelatt, 2001), (c) 11–19 years of age which
represents the age by which almost all males engage male–male contest behavior (11 years; Bartsh et al. 1992), and
(d) 20–28 years of age, which represents the oldest known age of siring offspring (20 years; Harcourt et al. 2007)
and older. The green outline indicates the area with the greatest relative density of prime-age females. The lightest
blue color represents a 20% isopleth, and the darkest blue color represents an 80% isopleth.
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were in other locations. Similarly, males with the greatest number of reproductive-age female neighbors within a

100 m radius tended to be older (≥10 years of age). Proximity to females had a significant relationship with the num-

ber of paternities in Galapagos sea lions, another pinniped species that does not exhibit an extreme form of polygyny

TABLE 1 Summary of relative model performance based on k-fold information criteria (kfoldic) scores. We
present the change in expected log predictive density (ELPD) for a new data set across candidate models. The ΔELPD
shows the change in ELPD score from the model with the highest ELPD (and lowest kfoldic score). The large
standard errors for the change in ELPD indicate that the age-structure models performed similarly. Y represents the
fixed effect of year as a factor variable, and I represents the random effect of individual.

Model ΔELPD (ΔSE)

Log(F) = β0 + β2014 × Y2014 + β2015 × Y2015 + β2016 × Y2016 + β2017 × Y2017 + β2018 × Y2018 + γInd × I −19.8 (9.1)

Log(F) = β0 + β1 × Age + β2014 × Y2014 + β2015 × Y2015 + β2016 × Y2016 + β2017 × Y2017 + β2018 × Y2018

+ γInd × I

−8.7 (7.9)

Log(F) = β0 + β1 × Age + β2 × Age2 + β2014 × Y2014 + β2015 × Y2015 + β2016 × Y2016 + β2017 × Y2017

+ β2018 × Y2018 + γInd × I

0 (0.0)

Log(F) = β0 + β1 × ln(Age) + β2014 × Y2014 + β2014 × Y2014 + β2015 × Y2015 + β2016 × Y2016 + β2017 × Y2017

+ β2018 × Y2018 + γInd × I

−7.6 (8.3)

Log(F) = β1 × Ages1–4 + β2 × Ages5–10 + β3 × Ages11–19 + β4 × Ages20–28 + β2014 × Y2014 + β2015 × Y2015

+ β2016 × Y2016 + β2017 × Y2017 + β2018 × Y2018 + γInd × I

−16.6 (8.9)
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F IGURE 4 Age-specific mean
number of reproductive-age females
within a 100 m radius of a male
estimated from our most supported
models (a) quadratic, (b) logarithmic, and
(c) linear; see Table 1 for full model
structures. Point estimates are for an
average individual for an average year.
Error bars indicate 95% credible
intervals.
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and engages in at least some reproductive activity in the water (Pörschmann et al., 2010). The uncertainty associated

with our model selection results provides unclear information regarding the spatial behavior of the males >20 years

of age. Additional spatial data for these older males are necessary to better explain spatial patterns of this age group,

but few males survive to reach 20 years of age or older (Brusa et al., 2020). Our results suggest that the variation in

the number of reproductive-age female neighbors surrounding a male in Erebus Bay during the breeding season was

greater across individuals than across ages. However, without movement data, we do not know the biological signifi-

cance of a 100 m radius. The young males that attended the larger and more productive colonies were likely either

high-quality individuals and among the youngest of breeders or did not engage in reproductive activity.

Younger male Weddell seals (ages 3–8 years old) tended to occupy areas of Erebus Bay that Testa et al. (1985)

reported to be abundant in food resources (northern, offshore areas), and older males, which are the most likely to

be reproductively active (Bartsh et al., 1992), were most likely to be found in areas with the highest abundances of

reproductive-age females (southern, nearshore areas). We speculate that many younger males are more likely to

attend northern offshore colonies to decrease the number of negative interactions with older, more competitive

males. Similar to our findings, Crawford et al. (2012) reported that ringed seal subadults tended to occupy farther off-

shore areas of the habitat, which are associated with better foraging opportunities, and adults tended to stay more

nearshore for better breeding prospects.

Similar to other pinniped species, participation in male–male contest behavior in Weddell seals likely increases

with age (Clinton & Le Boeuf, 1993; Pitcher & Calkins, 1981). Males at older ages might fare better in male–male

competitions for social reasons. Surviving to older ages could provide enough time for males to attain a high social

rank or build a social network of male alliances, both of which should aid in gaining access to females. In other marine

mammal species, males fare better in gaining copulations from attaining a high social rank followed by posturing and

winning contests (e.g., northern elephant seals; Le Boeuf, 1974) or from developing a cooperative alliance with one

or two other males (e.g., bottlenose dolphins; Connor et al., 2001; Möller et al., 2001). Male Weddell seals might

employ similar techniques. However, because male–male contest behavior and copulation of Weddell seals occur in

the water, we do not know if there is a positive relationship between reproductive behavior and the spatial behavior

of Weddell seals hauled out on the ice during the breeding season. Alternatively, males that reach these older ages

might do so because they are not competitive, tend to spend most of the breeding season avoiding male–male con-

tests, and, therefore, have additional energy to allocate to somatic maintenance. The number of reproductive-age

female neighbors of males on the ice might not be related to the number of copulations the males gain or their

male–male contest performance.

Male Weddell seals exhibited notable levels of individual variation in their number of reproductive-age female

neighbors. If the number of reproductive-age female neighbors is positively linked to a male's mating opportunities

TABLE 2 Variation in the estimated mean number of reproductive-age female neighbors within a 100 m radius
for males that were 3, 9, 16, 20, or 24 years of age and that had estimated individual random effect (RE) values that
were two standard deviations below the mean value (below average RE individual), the mean (average RE individual),
or two standard deviations above the mean value (high RE individual). Estimates are based on the quadratic model
Log(F) = β0 + β1 × Age + β2× Age2 + β2014 × Y2014 + β2015 × Y2015 + β2016 × Y2016 + β2017× Y2017 + β2018×
Y2018 + γInd × I, where Y is year, and I is individual.

Age
(years)

Below average RE
individual (95% CI)

Average RE
individual (95% CI)

Above average
RE individual (95% CI)

3 0.06 (0.03, 0.10) 0.95 (0.75, 1.17) 15.00 (9.06, 24.26)

9 0.11 (0.06, 0.18) 1.67 (1.42, 1.94) 26.58 (16.70, 41.91)

16 0.16 (0.09, 0.26) 2.40 (2.04, 2.81) 38.12 (23.88, 59.85)

20 0.17 (0.09, 0.27) 2.54 (2.17, 2.95) 40.32 (25.25, 63.26)

24 0.16 (0.09, 0.26) 2.41 (1.99, 2.86) 38.76 (23.43, 63.11)
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and his ability to sire young, then individual quality might play an integral role in shaping the reproductive abilities

and efforts exerted by male Weddell seals. For example, some of the oldest males had many females nearby,

whereas others had zero, which was accommodated by the random effect of individual included in our models. Some

males might survive to reach old age but never reach a high enough social dominance status to fare well in male–

male contests, such as reported for male mountain goats, a species in which social rank functions independently of

age (Mainguy & Côté, 2008). Individual quality might also have a greater influence on social rank than age in male

Weddell seals. However, because our data only include, at most, 5 years for each individual, it is difficult to distin-

guish between an age effect rather than an individual effect.

Individuals tend to select areas of the habitat and social interactions in a way to maximize their fitness

(Hirth, 1977). Male Weddell seals seem to follow this general pattern in that age and individual identity are related

to habitat use. The age-specific distribution of male Weddell seals in Erebus Bay, Antarctica, suggests that younger

males generally do not settle in areas of the habitat associated with the highest densities of reproductive-age

females and pups. Age-specific paternity analyses to investigate the relative number of offspring sired for each age

would provide greater insight into the age-specific reproductive behaviors of male Weddell seals and if their in-water

spatial behavior is similar to that on the ice. We anticipate that further age-specific behavioral and reproductive

research focused on male Weddell seals will reveal the mechanisms behind the variation in relative densities of males

with age in Erebus Bay. Further details regarding age-specific male spatial and reproductive behaviors will provide

additional insight of how natural and sexual selection can shape male life histories of marine mammals. Our results

suggest that age and, especially, individual heterogeneity are related to fine-scale spatial behavior regarding the

proximity of reproductive-age female neighbors.

ACKNOWLEDGMENTS

We are very grateful to the many field technicians who helped collect data for this project as well C. Guy,

T. McMahon, and P. Hutchins, who provided thoughtful comments for earlier versions of this manuscript.

P. Hutchins also assisted substantially with data preparation. Leidos, Lockheed Martin, Raytheon Polar Services Com-

pany, Antarctic Support Associates, the United States Navy and Air Force, and Petroleum Helicopters Inc. provided

logistical support for all fieldwork. Funding for this project was provided by the National Science Foundation, Divi-

sion of Polar Programs (Grant no. 1640481 awarded to J. J. Rotella, R. A. Garrott, and D. B. Siniff).

AUTHOR CONTRIBUTIONS

Jamie Brusa: Conceptualization; data curation; formal analysis; investigation; methodology; visualization; writing-

original draft; writing-review & editing. Jay Rotella: Conceptualization; data curation; formal analysis; funding acqui-

sition; investigation; methodology; project administration; visualization; writing-review & editing. Robert Garrott:

Conceptualization; funding acquisition; investigation; methodology; project administration; visualization; writing-

review & editing.

ORCID

Jamie L. Brusa https://orcid.org/0000-0003-4787-0460

REFERENCES

Allison, P. D., & Waterman, R. P. (2002). Fixed–effects negative binomial regression models. Sociological Methodology, 32(1),

247–265. https://doi.org/10.1111/1467-9531.00117
Baker, J. D., & Thompson, P. M. (2007). Temporal and spatial variation in age-specific survival rates of a long-lived mammal,

the Hawaiian monk seal. Proceedings of the Royal Society of London, Series B: Biological Sciences, 274(1608), 407–415.
https://doi.org/10.1098/rspb.2006.3737

Bartsh, S. S., Johnston, S. D., & Siniff, D. B. (1992). Territorial behavior and breeding frequency of male Weddell seals

(Leptonychotes weddelli) in relation to age, size, and concentrations of serum testosterone and cortisol. Canadian Journal

of Zoology, 70(4), 680–692. https://doi.org/10.1139/z92-102

1288 BRUSA ET AL.

https://orcid.org/0000-0003-4787-0460
https://orcid.org/0000-0003-4787-0460
https://doi.org/10.1111/1467-9531.00117
https://doi.org/10.1098/rspb.2006.3737
https://doi.org/10.1139/z92-102


Berk, R., & MacDonald, J. M. (2008). Overdispersion and Poisson regression. Journal of Quantitative Criminology, 24(3), 269–
284. https://doi.org/10.1007/s10940-008-9048-4

Brusa, J. L., Rotella, J. J., Garrott, R. A., Paterson, J. T., & Link, W. A. (2020). Variation of annual apparent survival and detec-

tion rates with age, year and individual identity in male Weddell seals (Leptonychotes weddellii) from long-term mark-

recapture data. Population Ecology, 62(1), 134–150. https://doi.org/10.1002/1438-390X.12036
Carrete, M., Sánchez Zapata, J. A., Tella, J. L., Gil Sánchez, J. M., & Moleón, M. (2006). Components of breeding performance

in two competing species: Habitat heterogeneity, individual quality and density-dependence. Oikos, 112(3), 680–690.
https://doi.org/10.1111/j.0030-1299.2006.14528.x

Casella, G., & George, E. I. (1992). Explaining the Gibbs sampler. American Statistician, 46(3), 167–174. https://doi.org/10
.1080/00031305.1992.10475878

Clark, R. G., & Shutler, D. (1999). Avian habitat selection: Pattern from process in nest-site use by ducks? Ecology, 80(1),

272–287. https://doi.org/10.1890/0012-9658(1999)080[0272:AHSPFP]2.0.CO;2

Clinton, W. L., & Le Boeuf, B. J. (1993). Sexual selection's effects on male life history and the pattern of male mortality. Ecol-

ogy, 74(6), 1884–1892. https://doi.org/10.2307/1939945
Coltman, D. W., Bowen, W. D., & Wright, J. M. (1999). A multivariate analysis of phenotype and paternity in male harbor

seals, Phoca vitulina, at Sable Island, Nova Scotia. Behavioral Ecology, 10(2), 169–177. https://doi.org/10.1093/beheco/
10.2.169

Conn, P. B., Johnson, D. S., Williams, P. J., Melin, S. R., & Hooten, M. B. (2018). A guide to Bayesian model checking for ecol-

ogists. Ecological Monographs, 88(4), 526–542. https://doi.org/10.1002/ecm.1314

Connor, R. C., & Krützen, M. (2015). Male dolphin alliances in Shark Bay: Changing perspectives in a 30-year study. Animal

Behaviour, 103, 223–235. https://doi.org/10.1016/j.anbehav.2015.02.019
Connor, R. C., Heithaus, M. R., & Barre, L. M. (2001). Complex social structure, alliance stability and mating access in a

bottlenose dolphin ‘super-alliance’. Proceedings of the Royal Society of London, Series B: Biological Sciences, 268(1464),

263–267. https://doi.org/10.1098/rspb.2000.1357
Coulson, J. C. (1968). Differences in the quality of birds nesting in the centre and on the edges of a colony. Nature, 217

(5127), 478–479. https://doi.org/10.1038/217478a0
Crawford, J. A., Frost, K. J., Quakenbush, L. T., & Whiting, A. (2012). Different habitat use strategies by subadult and adult

ringed seals (Phoca hispida) in the Bering and Chukchi seas. Polar Biology, 35(2), 241–255. https://doi.org/10.1007/
s00300-011-1067-1

Dunnington, D., & Thorne, B. (2018). ggspatial: Spatial data framework for ggplot2 (Version 1.0.3) [Computer software].

https://CRAN.R-project.org/package=ggspatial

Emlen, S. T., & Oring, L. W. (1977). Ecology, sexual selection, and the evolution of mating systems. Science, 197(4300), 215–
223. https://doi.org/10.1126/science.327542

Evans, J. S., & Ram, K. (2019). SpatialEco: Spatial analysis and modelling utilities (Version 1.2-1) [Computer software]. https://

CRAN.R-project.org/package=spatialEco

Fernández-i-Marín, X. (2016). ggmcmc: Analysis of MCMC samples and Bayesian inference. Journal of Statistical Software,

070(i09), 1–20. https://doi.org/10.18637/jss.v070.i09
Franklin, A. B., Anderson, D. R., Gutiérrez, R. J., & Burnham, K. P. (2000). Climate, habitat quality, and fitness in northern

spotted owl populations in northwestern California. Ecological Monographs, 70(4), 539–590. https://doi.org/10.1890/
0012-9615(2000)070[0539:CHQAFI]2.0.CO;2

Fretwell, S. D. (1969). On territorial behavior and other factors influencing habitat distribution in birds. Acta Biotheoretica,

19(1), 45–52. https://doi.org/10.1007/BF01601955
Gabry, J., Ali, I., Brilleman, S., Novik, J. B., Zeneca, A., Bates, D., Maechler, M., Bolker, B., Walker, S., Ripley, B., Burkner, P., &

Goodrich, B. (2020). rstanarm: Bayesian applied regression modeling via Stan (Version 2.19.3) [Computer software].

https://CRAN.R-project.org/package=rstanarm

Gelatt, T. S. (2001). Male reproductive success, relatedness, and the mating system of Weddell seals in McMurdo Sound, Antarc-

tica [Doctoral dissertation]. University of Minnesota.

Gelfand, A. E., & Smith, A. F. M. (1990). Sampling-based approaches to calculating marginal densities. Journal of the American

Statistical Association, 85(410), 398–409. https://doi.org/10.1080/01621459.1990.10476213
Gelman, A., & Rubin, D. B. (1992). Inference from iterative simulation using multiple sequences. Statistical Science, 7(4),

457–472. https://doi.org/10.1214/ss/1177011136
Geman, S., & Geman, D. (1993). Stochastic relaxation, Gibbs distributions and the Bayesian restoration of images. Journal of

Applied Statistics, 20(5–6), 25–62. https://doi.org/10.1080/02664769300000058
Geweke, J. (1991). Evaluating the accuracy of sampling-based approaches to the calculation of posterior moments (p. 22). Fed-

eral Reserve Bank of Minneapolis, Research Department.

Godsell, J. (1991). The relative influence of age and weight on the reproductive behaviour of male grey seals Halichoerus

grypus. Journal of Zoology, 224(4), 537–551. https://doi.org/10.1111/j.1469-7998.1991.tb03784.x

BRUSA ET AL. 1289

https://doi.org/10.1007/s10940-008-9048-4
https://doi.org/10.1002/1438-390X.12036
https://doi.org/10.1111/j.0030-1299.2006.14528.x
https://doi.org/10.1080/00031305.1992.10475878
https://doi.org/10.1080/00031305.1992.10475878
https://doi.org/10.1890/0012-9658
https://doi.org/10.2307/1939945
https://doi.org/10.1093/beheco/10.2.169
https://doi.org/10.1093/beheco/10.2.169
https://doi.org/10.1002/ecm.1314
https://doi.org/10.1016/j.anbehav.2015.02.019
https://doi.org/10.1098/rspb.2000.1357
https://doi.org/10.1038/217478a0
https://doi.org/10.1007/s00300-011-1067-1
https://doi.org/10.1007/s00300-011-1067-1
https://cran.r-project.org/package=ggspatial
https://doi.org/10.1126/science.327542
https://cran.r-project.org/package=spatialEco
https://cran.r-project.org/package=spatialEco
https://doi.org/10.18637/jss.v070.i09
https://doi.org/10.1890/0012-9615
https://doi.org/10.1890/0012-9615
https://doi.org/10.1007/BF01601955
https://cran.r-project.org/package=rstanarm
https://doi.org/10.1080/01621459.1990.10476213
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1080/02664769300000058
https://doi.org/10.1111/j.1469-7998.1991.tb03784.x


Hadley, G. L., Rotella, J. J., & Garrott, R. A. (2008). Spatial variation in age-specific probabilities of first reproduction for

Weddell seals. Oikos, 117(8), 1165–1174. https://doi.org/10.1111/j.0030-1299.2008.16623.x
Harcourt, R. G., Hindell, M. A., Bell, D. G., & Waas, J. R. (2000). Three-dimensional dive profiles of free-ranging Weddell

seals. Polar Biology, 23(7), 479–487. https://doi.org/10.1007/s003000000109
Harcourt, R. G., Kingston, J. J., Cameron, M. F., Waas, J. R., & Hindell, M. A. (2007). Paternity analysis shows

experience, not age, enhances mating success in an aquatically mating pinniped, the Weddell seal

(Leptonychotes weddellii). Behavioral Ecology and Sociobiology, 61(4), 643–652. https://doi.org/10.1007/

s00265-006-0294-x

Harpole, J. K., Woods, C. M., Rodebaugh, T. L., Levinson, C. A., & Lenze, E. J. (2014). How bandwidth selection algorithms

impact exploratory data analysis using kernel density estimation. Psychological Methods, 19(3), 428–443. https://doi
.org/10.1037/a0036850

Hastings, K. K., & Testa, J. W. (1998). Maternal and birth colony effects on survival of Weddell seal offspring from McMurdo

Sound, Antarctica. Journal of Animal Ecology, 67(5), 722–740. https://doi.org/10.1046/j.1365-2656.1998.00242.x
Heine, A. J. (1963). Ice breakout around the southern end of Ross Island, Antarctica. New Zealand Journal of Geology and

Geophysics, 6(3), 395–401. https://doi.org/10.1080/00288306.1963.10422071
Hirth, D. H. (1977). Social behavior of white-tailed deer in relation to habitat. Wildlife Monographs No. 53, 3–55.
Hocking, R. R. (2013). Methods and applications of linear models: Regression and the analysis of variance. John Wiley & Sons.

Jeffries, M. O., Weeks, W. F., Shaw, R., & Morris, K. (1993). Structural characteristics of congelation and platelet ice and their

role in the development of Antarctic land-fast sea ice. Journal of Glaciology, 39(132), 223–238. https://doi.org/10.1017/
S0022143000015884

Kahle, D., Wickham, H., Jackson, S., & Korpela, M. (2019). ggmap: Spatial visualization with ggplot2 (Version 3.0.0) [Computer

software]. https://CRAN.R-project.org/package=ggmap

Krafft, B. A., Kovacs, K. M., & Lydersen, C. (2007). Distribution of sex and age groups of ringed seals Pusa hispida in the fast-

ice breeding habitat of Kongsfjorden, Svalbard. Marine Ecology Progress Series, 335, 199–206. https://doi.org/10.3354/
meps335199

Le Boeuf, B. J. (1974). Male-male competition and reproductive success in elephant seals. Integrative and Comparative Biol-

ogy, 14(1), 163–176. https://doi.org/10.1093/icb/14.1.163
Lidgard, D. C., Boness, D. J., Bowen, W. D., & McMillan, J. I. (2005). State-dependent male mating tactics in the grey seal:

the importance of body size. Behavioral Ecology, 16(3), 541–549. https://doi.org/10.1093/beheco/ari023
Lidgard, D. C., Bowen, W. D., & Boness, D. J. (2012). Longitudinal changes and consistency in male physical and behavioural

traits have implications for mating success in the grey seal (Halichoerus grypus). Canadian Journal of Zoology. https://doi

.org/10.1139/z2012-053, 90, 849, 860

Magaña, M., Alonso, J. C., & Palacín, C. (2011). Age-related dominance helps reduce male aggressiveness in great bustard

leks. Animal Behaviour, 82(2), 203–211. https://doi.org/10.1016/j.anbehav.2011.04.014
Mainguy, J., & Côté, S. D. (2008). Age- and state-dependent reproductive effort in male mountain goats, Oreamnos

americanus. Behavioral Ecology and Sociobiology, 62(6), 935–943. https://doi.org/10.1007/s00265-007-0517-9
Möller, L. M., Beheregaray, L. B., Harcourt, R. G., & Krützen, M. (2001). Alliance membership and kinship in wild male

bottlenose dolphins (Tursiops aduncus) of southeastern Australia. Proceedings of the Royal Society of London, Series B: Bio-

logical Sciences, 268(1479), 1941–1947. https://doi.org/10.1098/rspb.2001.1756
Pärt, T. (2001). The effects of territory quality on age-dependent reproductive performance in the northern wheatear,

Oenanthe oenanthe. Animal Behaviour, 62(2), 379–388. https://doi.org/10.1006/anbe.2001.1754
Paterson, J. T., Rotella, J. J., Link, W. A., & Garrott, R. (2018). Variation in the vital rates of an Antarctic marine predator: The

role of individual heterogeneity. Ecology, 99(10), 2385–2396. https://doi.org/10.1002/ecy.2481
Pebesma, E., Bivand, R., Rowlingson, B., Gomez-Rubio, V., Hijmans, R., Sumner, M., MacQueen, D., Lemon, J., O'Brien, J., &

O'Rourke, J. (2019). sp: Classes and methods for spatial data (Version 1.3-2) [Computer software]. https://CRAN.R-

project.org/package=sp

Pitcher, K. W., & Calkins, D. G. (1981). Reproductive biology of Steller sea lions in the Gulf of Alaska. Journal of Mammalogy,

62(3), 599–605. https://doi.org/10.2307/1380406
Plummer, M., Best, N., Cowles, K., & Vines, K. (2006). CODA: Convergence diagnosis and output analysis for MCMC. R

News, 6, 7–11.
Pörschmann, U., Trillmich, F., Mueller, B., & Wolf, J. B. W. (2010). Male reproductive success and its behavioural correlates

in a polygynous mammal, the Galápagos sea lion (Zalophus wollebaeki). Molecular Ecology, 19(12), 2574–2586. https://
doi.org/10.1111/j.1365-294X.2010.04665.x

Post, D. C., & Jeanne, R. L. (1983). Male reproductive behavior of the social wasp Polistes fascatus (Hymenoptera: Vespidae).

Zeitschrift für Tierpsychologie, 62(2), 157–171. https://doi.org/10.1111/j.1439-0310.1983.tb02149.x
R Core Team. (2019). R: A language and environment for statistical computing [Computer software]. R Foundation for Statisti-

cal Computing.

1290 BRUSA ET AL.

https://doi.org/10.1111/j.0030-1299.2008.16623.x
https://doi.org/10.1007/s003000000109
https://doi.org/10.1007/s00265-006-0294-x
https://doi.org/10.1007/s00265-006-0294-x
https://doi.org/10.1037/a0036850
https://doi.org/10.1037/a0036850
https://doi.org/10.1046/j.1365-2656.1998.00242.x
https://doi.org/10.1080/00288306.1963.10422071
https://doi.org/10.1017/S0022143000015884
https://doi.org/10.1017/S0022143000015884
https://cran.r-project.org/package=ggmap
https://doi.org/10.3354/meps335199
https://doi.org/10.3354/meps335199
https://doi.org/10.1093/icb/14.1.163
https://doi.org/10.1093/beheco/ari023
https://doi.org/10.1139/z2012-053
https://doi.org/10.1139/z2012-053
https://doi.org/10.1016/j.anbehav.2011.04.014
https://doi.org/10.1007/s00265-007-0517-9
https://doi.org/10.1098/rspb.2001.1756
https://doi.org/10.1006/anbe.2001.1754
https://doi.org/10.1002/ecy.2481
https://cran.r-project.org/package=sp
https://cran.r-project.org/package=sp
https://doi.org/10.2307/1380406
https://doi.org/10.1111/j.1365-294X.2010.04665.x
https://doi.org/10.1111/j.1365-294X.2010.04665.x
https://doi.org/10.1111/j.1439-0310.1983.tb02149.x


Ripley, B., Venables, B., Bates, D. M., Hornik, K., Gebhardt, A., & Firth, D. (2019). MASS: Support functions and datasets for

Venables and Ripley's MASS (Version 7.3-51.5) [Computer software]. https://CRAN.R-project.org/package=MASS

Sacks, B. N., Jaeger, M. M., Neale, J. C. C., & McCullough, D. R. (1999). Territoriality and breeding status of coyotes relative

to sheep predation. Journal of Wildlife Management, 63(2), 593–605. https://doi.org/10.2307/3802648
Sheather, S. J., & Jones, M. C. (1991). A reliable data-based bandwidth selection method for kernel density estimation. Jour-

nal of the Royal Statistical Society, Series B (Methodological), 53(3), 683–690.
Sherry, T. W., & Holmes, R. T. (1989). Age-specific social dominance affects habitat use by breeding American redstarts

(Setophaga ruticilla): A removal experiment. Behavioral Ecology and Sociobiology, 25(5), 327–333. https://doi.org/10
.1007/BF00302990

Siniff, D. B., DeMaster, D. P., Hofman, R. J., & Eberhardt, L. L. (1977). An analysis of the dynamics of a Weddell seal popula-

tion. Ecological Monographs, 47(3), 319–335. https://doi.org/10.2307/1942520
Siniff, D. B., Garrott, R. A., Rotella, J. J., Fraser, W. R., & Ainley, D. G. (2008). Opinion: Projecting the effects of environmen-

tal change on Antarctic seals. Antarctic Science, 20(5), 425–435. https://doi.org/10.1017/S0954102008001351
Sprogis, K. R., Christiansen, F., Raudino, H. C., Kobryn, H. T., Wells, R. S., & Bejder, L. (2018). Sex-specific differences in the

seasonal habitat use of a coastal dolphin population. Biodiversity and Conservation, 27(14), 3637–3656. https://doi.org/
10.1007/s10531-018-1618-7

Stirling, I. (1969). Ecology of the Weddell seal in McMurdo Sound, Antarctica. Ecology, 50(4), 573–586. https://doi.org/10
.2307/1936247

Testa, J. W., Siniff, D. B., Ross, M. J., & Winter, J. D. (1985). Weddell seal–Antarctic cod interactions in McMurdo Sound,

Antarctica. In W. R. Siegfried, P. R. Condy, & R. M. Laws (Eds.), Antarctic nutrient cycles and food webs (pp. 561–565).
https://doi.org/10.1007/978-3-642-82275-9_76

Trivers, R. L. (1972). Parental investment and sexual selection. In B. Campbell (Ed.), Sexual selection and the descent of man.

Aldine-Atherton.

Vehtari, A., Gabry, J., Magnusson, M., Yao, Y., Gelman, A., Bürkner, P.-C., Goodrich, B., & Piironen, J. (2019). loo: Efficient

leave-one-out cross-validation and WAIC for Bayesian models (Version 2.2.0) [Computer software]. https://CRAN.R-

project.org/package=loo

Wahlström, L. K. (1994). The significance of male-male aggression for yearling dispersal in roe deer (Capreolus capreolus).

Behavioral Ecology and Sociobiology, 35(6), 409–412. https://doi.org/10.1007/BF00165843
Winemiller, K. O. (1992). Life-history strategies and the effectiveness of sexual selection. Oikos, 63(2), 318–327. https://doi

.org/10.2307/3545395

Wolf, J. B. W., Kauermann, G., & Trillmich, F. (2005). Males in the shade: Habitat use and sexual segregation in the

Galápagos sea lion (Zalophus californianus wollebaeki). Behavioral Ecology and Sociobiology, 59(2), 293–302. https://doi.
org/10.1007/s00265-005-0042-7

Worton, B. J. (1989). Kernel methods for estimating the utilization distribution in home-range studies. Ecology, 70(1), 164–
168. https://doi.org/10.2307/1938423

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the end of this

article.

How to cite this article: Brusa JL, Rotella JJ, Garrott RA. Influence of age and individual identity in the use of

breeding colony habitat by male Weddell seals in Erebus Bay, Antarctica. Mar Mam Sci. 2021;37:1277–1291.

https://doi.org/10.1111/mms.12812

BRUSA ET AL. 1291

https://cran.r-project.org/package=MASS
https://doi.org/10.2307/3802648
https://doi.org/10.1007/BF00302990
https://doi.org/10.1007/BF00302990
https://doi.org/10.2307/1942520
https://doi.org/10.1017/S0954102008001351
https://doi.org/10.1007/s10531-018-1618-7
https://doi.org/10.1007/s10531-018-1618-7
https://doi.org/10.2307/1936247
https://doi.org/10.2307/1936247
https://doi.org/10.1007/978-3-642-82275-9_76
https://cran.r-project.org/package=loo
https://cran.r-project.org/package=loo
https://doi.org/10.1007/BF00165843
https://doi.org/10.2307/3545395
https://doi.org/10.2307/3545395
https://doi.org/10.1007/s00265-005-0042-7
https://doi.org/10.1007/s00265-005-0042-7
https://doi.org/10.2307/1938423
https://doi.org/10.1111/mms.12812

	Influence of age and individual identity in the use of breeding colony habitat by male Weddell seals in Erebus Bay, Antarctica
	1  INTRODUCTION
	2  METHODS
	2.1  Study site
	2.2  Marking and re-observation of individual males
	2.3  Statistical analyses

	3  RESULTS
	4  DISCUSSION
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	REFERENCES


