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fine-scale analysis reveals importance of social
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Abstract Aggressive interactions are costly for individuals in
time, energy, or physical damage, and in polygynous mating
systems, there is high variability in the rates and intensity of
aggression across individuals and within breeding seasons.
However, examinations into the drivers of this variability are
often conducted in isolation, in non-wild systems, or the pre-
dictor variables in question, for example, dominance, are av-
eraged across large spatial, social, or temporal scales. The aim
of this study was to adopt a fine spatial and temporal scale
approach to investigate the factors associated with inter-
individual variation in aggression in wild, breeding male gray
seals within three consecutive breeding seasons. To do this,
we fit models examining if the daily frequency of aggression
and probability of escalated aggression for males was best
explained by factors such as dominance score, proximity to
competitors or females, local social stability, and the occur-
rence of stochastic environmental events. Stability of neighbor
identities was the strongest correlate of reduced male aggres-
sion. Dominance status did not correlate with aggression at the
daily scale, with the exception of one period after a natural
disturbance to the breeding colony where dominant males had
relatively reduced rates of aggression. These findings

emphasize the importance of local social stability in
explaining inter-individual variation in aggression in a wild
population and suggest that factors associated with aggression
are context dependent in relation to the natural environment.
Furthermore, we highlight the utility of a fine temporal scale
and incorporating spatial parameters when investigating vari-
ability in aggression in wild systems.

Keywords Halichoerus grypus . Conflict reduction .Male
aggression . Dominance . Social stability

Introduction

Animals face conflict within social groups as members com-
pete for access to contested resources such as food, habitat, or
mates, but conflict can be costly in time, energy, or physical
injury (Maynard Smith and Price 1973; Maynard Smith 1974;
Briffa and Elwood 2004). Individual variation in rates of ag-
gression can be driven by characteristics of individuals such as
size, age, or experience (Briffa and Elwood 2004), or by the
presence of dominance hierarchies, winner/loser effects, hon-
est signals of resource holding potential (RHP), and social
relationships (Arnott and Elwood 2009; Kokko 2013). The
importance of these factors can be context dependent in rela-
tion to broader ecological processes such as resource avail-
ability (Leiser 2003), physiological constraints ( Bohórquez-
Herrera et al. 2014), and the underlying social system within a
population or species (Ang and Manica 2010).

For social animals, the formation of a linear, transitive
dominance hierarchy based on RHP asymmetries between
individuals can minimize costs associated with aggression.
In stable hierarchies, dominant individuals typically gain in-
creased mating success (Anderson and Fedak 1985; Drews
1993; Haley et al. 1994; Herberholz et al. 2007; Gerber et al.
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2010), but an individual’s position in the hierarchy can also
influence the rate or the probability of escalation (Rosenthal
et al. 1992; Drews 1993; Goessmann et al. 2000; Ang and
Manica 2010). In some breeding systems, high rank is asso-
ciated with a greater intensity or increased frequency of ag-
gression associated with defending a territory or mates
(Francis 1988; Rosenthal et al. 1992; Goessmann et al.
2000; Ang and Manica 2010). However, other studies have
demonstrated that dominant individuals have relatively re-
duced costs and experience lower rates or intensity of directed
aggression in comparison to subordinates (Twiss 1991; Heitor
et al. 2006; Ostner et al. 2008).

These differing relationships between dominance and ag-
gression might be driven by the spatial distribution and social
systems wherein the aggression occurs (Hemelrijk 2000). Al-
ternatively, until recently, the available methodologies for cal-
culating an individuals’ dominance score or rank were best
applied to data spanning relatively long temporal scales (Boyd
and Silk 1983; David 1987; Gammell et al. 2003; de Vries
et al. 2006). Recent additions to the dominance score calcula-
tion toolbox such as Elo ranking (Neumann et al. 2011) now
allow for calculations of dominance in sequence and at a finer
temporal scale. If dominance or social structures vary within
breeding seasons, adopting these methods of dominance cal-
culation might provide insights into what drives the observed
fine-scale variation in individuals’ rates or intensities of ag-
gression. In order to tease apart these mechanisms and rela-
tionships, this study aimed to investigate the natural variation
in aggression by using a spatially and temporally relevant
scale, and by considering the structure of the physical and
social environment.

The polygynous breeding pinnipeds provide an ideal
model for such investigations, and previous work has ad-
dressed the drivers of aggression and dominance in these
systems (Anderson and Fedak 1985; Haley et al. 1994;
Twiss et al. 1998; Lidgard et al. 2005; Carlini et al.
2006; Bohórquez-Herrera et al. 2014). The gray seal
(Halichoerus grypus) is a colonial, capital breeder where
there is high skew in male mating and reproductive suc-
cess (Twiss et al. 2006, 2007). Male energy is limited
during the approximately 8-week annual breeding season
(Twiss 1991), and there is considerable variability between
years, colonies, and individuals in the frequency of male-
male agonistic interactions (Boness 1984; Twiss 1991;
Lawson 1993; Twiss et al. 1998). Inter-male aggression
during the gray seal breeding season occurs as males
strive to maintain access to shifting groups of females
(Anderson et al. 1975; Twiss 1991; Twiss et al. 1994,
2007). Males form a non-linear dominance hierarchy
where, apart from a few clearly dominant and subordinate
individuals, most males have very similar dominance
scores (Twiss 1991; Twiss et al. 1998). In general, domi-
nant males experience the greatest levels of mating success

through increased tenure duration and also experience rel-
atively reduced aggression intensity and rates across a
breeding season (Boness and James 1979; Anderson and
Fedak 1985; Twiss 1991; Twiss et al. 1998, 2006, 2007;
Worthington-Wilmer et al. 2000; Lidgard et al. 2004).
However, previous studies investigating individual rates
of aggression (Twiss 1991) compared individuals at the
scale of a whole season and did not consider spatial and
temporal fluctuations in aggression, sex ratios, distributions
of competitors, and distributions of females, all of which
shift throughout a season (Pomeroy et al. 1994; Twiss
et al. 1994). Furthermore, gray seal males and females
exhibit site fidelity between seasons (Pomeroy et al.
1994; Twiss et al. 1994). Inter-annual male associations
and within-year spatial social stability have been suggested
as potential drivers of conflict reduction in gray seals
(Anderson et al. 1975; Twiss 1991), but the relative im-
portance of such factors in explaining the fine-scale vari-
ation in individuals’ rates of aggression has not been pre-
viously examined.

Hemelrijk (2000) advocated studying animal behavior not
in isolation but with attention to spatially explicit individual,
environmental, and social variables. Therefore, the aim of our
study was to use the wild gray seal breeding system to inves-
tigate, at a fine temporal and spatial scale, which factors best
explain the variability in individual males’ rates of aggression
and probability of engaging in an escalated interaction. We
hypothesize that at the daily scale, based on the previous find-
ings of Twiss (1991), the more dominant males will have
lower rates of aggression. In addition to dominance, we in-
cluded two density-related spatial factors that vary at a fine
temporal scale within a breeding season (Twiss et al. 1994) but
have not been included in previous models of aggression for
this system: proximity to competitors as a measure of intensity
of competition and proximity to females as a measure of ease
of access to the contested Bresource^. These variables were
chosen because although male gray seals do not form distinct
territories, male and female attendance shifts within a breed-
ing season, changing the social structure at a fine temporal and
spatial scale (Pomeroy et al. 1994; Twiss et al. 1994). Finally,
male gray seals demonstrate inter-annual site fidelity (Twiss
et al. 1994) and social stability within breeding seasons influ-
ences female gray seal breeding behaviors (Pomeroy et al.
2005). Recent evidence also suggests that when weaned gray
seals of both sexes were penned together, subsequent interac-
tions between familiar individuals had less aggression than
when the pups were Bstrangers^ (Robinson et al. 2015).
Therefore, we included a daily measure of the stability of a
male’s local Bneighborhood^ in our models and predict that
males with high local social stability will have lower rates and
intensities of aggression (Anderson and Fedak 1985; Twiss
1991; Booksmythe et al. 2010; Cross et al. 2013). These fac-
tors were modeled within three successive breeding seasons to
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examine how within-season stochastic environmental events
and broad environmental variability across seasons might
change which factors drive individual rates and intensity of
aggression.

Methods

Field site

Data were collected at the Donna Nook breeding colony on
the North Lincolnshire coast, eastern England (53.47°N,
0.15°E). Field observations were conducted during all day-
light hours (mean=8 h 48 min daily) across three autumn
breeding seasons from 3 November to 12 December in
2011, and from 27 October to 12 December in 2012 and
2013. Weather patterns varied across study years. The 2011
breeding season was considerably warmer and drier relative to
the other 2 years of study (mean air temperature 2011,
8.17 °C; 2012, 6.42 °C; 2013, 6.79 °C; and mean rainfall
2011, 0.58 mm per day; 2012, 2.87 mm per day; 2013,
2.14 mm per day).

Two approximately 200×200 m sites within the Donna
Nook colony were selected to cover the range of topography:
the public (PUB) site had grassy dunes and mud wallows
(53.476°N, 0.155°E) and the Royal Air Force (RAF) site pri-
marily comprised sand flats (53.474°N, 0.155°E). In 2011,
one observer alternated between study sites within Donna
Nook (Bishop et al. 2014); in 2012–2013, a second observer,
trained by the primary, was added. Both alternated daily be-
tween sites in order to provide full observational coverage and
minimize observer bias. At Donna Nook, two main breeding
aggregations form, one along the waterfront and another ap-
proximately a mile inshore along the dune line. This study was
conducted on the inshore breeding aggregation. Males in the
study area were identified daily via unique, natural pelage
markings in the field or post hoc from high-resolution pictures
taken with a Canon EOS 30D, 100–400 mm lens (Twiss et al.
1994; Bishop et al. 2014). The photo-ID catalogue contained a
total of 170 individual males identified in 2011, increasing to
287 in 2012, and 398 males in 2013.

Male-male aggressive interactions

Male-male aggressive interactions (AIs) were defined as any
agonistic interaction between two or more males (Twiss 1991;
Bishop et al. 2014). Inter-male aggression is typically charac-
terized by low-cost, noncontact displays, but some interac-
tions escalate to fights (Boness 1984; Twiss 1991). In the
prefight noncontact stage, males use a suite of nonvocal be-
haviors such as the Open-Mouth Threat (Miller and Boness
1979; Twiss 1991; Lawson 1993; Twiss et al. 1998) and, at
some colonies, the Body Slap (Bishop et al. 2014, 2015a).

Contact AIs, or fights, are characterized by a series of lunges,
bites, and bouts of Bwrestling^ behavior (Twiss 1991). AIs
involving at least one identified male were recorded with no-
tation of participants’ IDs, start and end times, and coarse
details of behaviors performed. Agonistic interactions are suf-
ficiently conspicuous (particularly in open terrain with no vi-
sual obstructions) and rare, which allowed for all occurrence
records to be kept while performing other observations
(Altmann 1974). For aggressive interactions, the record was
labeled as noncontact (threat phase) or contact (fight) and the
outcome was noted as either draw or win-loss (Bishop et al.
2014). Amale was determined to have won an encounter if his
opponent moved or was chased away and lost his position
among a group of females; otherwise, the outcome was de-
fined as a draw (Anderson and Fedak 1985; Twiss 1991;
Twiss et al. 1998; Bishop et al. 2014). From this, the daily
number of aggressive interactions (DAI) was calculated for
each male. To standardize for unequal observation times with-
in and between days, the number of aggressive interactions
observed in a day for each male was divided by the number of
hours he was present to get a rate of aggression per hour. This
metric was then converted to a rate per 8 h to allow for com-
parison to published data from other colonies which also re-
ported rates per 8 h (day) of observation (Twiss 1991). To
account for potential bias due to extrapolation (e.g., if a male
partook in a large number of AIs observed over a short time
period), for each male, only the days in which he was ob-
served for a minimum of 4 h were used.

Spatial distribution of males

Locations of all males were mapped hourly on printed aerial
photos of the colony using a Nikon laser 550 rangefinder (6×
21), with accuracy of 0.5 m up to 100 m and ±1 m at >100 m
distance, and horizon reference points to determine distance
and location of males. Female gray seals typically move
<10 m per day, and none of the rare Blong-distance^ traveling
behaviors observed at other colonies (Redman et al. 2001)
were noted at Donna Nook (James 2013). As such, females
were mapped once daily (Pomeroy et al. 2000, 2005; Twiss
et al. 2007), with differentiation noted for the age class of pups
(Kovacs and Lavigne 1986). Post hoc, the images of the hour-
ly maps of male locations were georectified to OSGB coordi-
nate system and male locations digitized using ArcInfo and
ArcMap 10.1 (ESRI). For each male, the distance to the
nearest male and nearest female in meters during each hour
of mapping was calculated using the NEAR function in
ArcMap 10.1 (ESRI). In order to provide accurate estimates
of female to male distance, if a male was not present at the
hour for which females were mapped, then distance to female
was not calculated for him that day. Distance to female and
distance to male were then averaged for each individual by
day.
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Measures of dominance

Due to sample-size requirements, dominance score calcula-
tions such as the David’s Score (David 1987; Gammell et al.
2003; de Vries et al. 2006) generate one score per male for an
arbitrary time period (e.g., a month, a year, a breeding season)
using the results of all of the male’s interactions in relation to
other males in the specified sample. This limitation obscures
temporal variation within individual males’ scores and ignores
the variability in timing or presence on the colony between
males (Neumann et al. 2011). If David’s Score is used, a male
gray seal who was only present for the final week of the
breeding season, but won every interaction, could have a
higher score than a male who was present all season and lost
a handful of interactions. Additionally, males may be express-
ing or asserting dominance at different points of the season,
but this trajectory of dominance would be lost or masked in a
dominance metric that relies on seasonal averages. This tem-
poral disconnect has rarely been considered in dominance
literature due to lack of appropriate methodology or adequate
samples sizes to allow analysis at fine temporal scales; how-
ever, a recent addition to the dominance-score calculation
toolbox, Elo ranking, has been advocated for ecological sys-
tems by Neumann et al. (2011).

Elo score calculations generate real-time updates of ranks
that are temporally fixed, in sequence, and can account for
draws and incomplete interaction matrices (Neumann et al.
2011). Mean Elo is comparable to David’s Score (Neumann
et al. 2011), so broad assessments and comparisons can still be
made. For this study, we calculated Elo scores for males who
were present for a minimum of 2 days and ten AIs for consis-
tency with previous work (Twiss 1991; Bishop et al. 2014).
The parameters of the Elo calculations included a starting
value of 1000 for every male (P rschmann et al. 2010) and a
k value of 200, where k is the amount a male’s score will shift
depending on if the outcome was a win or loss, or 0.5*k for
draws, weighted by the score of his opponent (Neumann et al.
2011). A study on Galàpagos sea lions (Zalophus wollebaeki)
set k at 50 (P rschmann et al. 2010), but we selected to use the
higher default value of 200 to account for the heavy costs
associated with losing in this system (Anderson and Fedak
1985; Twiss 1991). Males exhibit site fidelity and are long-
lived, and evidence suggests that males do not shift domi-
nance ranks substantially between years (Twiss 1991; Twiss
et al. 1994). Therefore, while initial starting values were set at
1000, if a male was present for more than 1 year, his final Elo
score from the previous year was used as the starting value in
the subsequent year. Using these calculations, a male’s daily
Elo score (DayElo) was the average of all his scores for a
given day, within each year. As the range of possible Elo
scores can vary depending on the individuals and aggressive
events within a given day, year, or site (Neumann et al. 2011),
DayElo values for individuals were normalized to allow for

comparisons: DayEloN=(DayEloID−min(DayEloday)/(range
of DayEloday), which resulted in a range of individuals’ aver-
age scores per day of 0–1, from low to high dominance.

Stability of neighbor identity

Hierarchy stability is one way to track changes in inter-
individual relationships for large social groups (Neumann
et al. 2011). It is suitable for tracking broad changes in the
hierarchy composition, but it does not take into account how
localized spatial differences in individual identities change
over time. Therefore, we selected to calculate a measure of
the local social stability, which could be extracted for individ-
uals at a daily scale. Localized social stability has been previ-
ously estimated for female gray seals using the definition that
neighbor affiliations were any females within 10 m of each
other (Ruddell et al. 2007); however, since male gray seals do
not form discrete territories and are typically more dispersed
than females (Twiss et al. 1994), this method was not deemed
suitable. Instead, we calculated localized associations by de-
riving Theissen polygons around each individual male using
ArcMap 10.1 (ESRI; Fig. 1). Theissen polygons are generated
by creating lines at the midpoint between two adjacent points
for each hourly map (Fig. 1). From this, any male whose
polygon was adjoined to the focal male’s polygon was classi-
fied as a neighbor for that hour. Jaccard’s similarity index (JSI)
was the best metric for quantifying local social stability in
colonial pinnipeds (Ruddell et al. 2007), so we calculated a
measure of neighbor similarity for each focal male as a mea-
sure of how many of his neighbors were similar between two
consecutive hours (1).

(1) Neighbor Similarity=#Same / (#Same+#New+#Lost)

Due to a number of transient, non-identified males on the
colony at any given time, we selected to amend the neighbor
similarity calculation to account for un-identified neighbors as
part of the total neighbor pool (2):

(2) Neighbor similarity=#Same / (#Same+#New+#Lost+
UnknownHour n+UnknownHour n−1)

This assumed that any unknown males from the previous
hour were not the same individuals as the unknowns from the
present hour. This likely overestimates changes in neighbors,
but all males present for more than 1 h in the study area were
photographed and cross-checked against the photo-ID cata-
logue for matches, thus reducing the probability of double-
counting. Also, under this assumption, we provide a more
conservative estimate of stability as any transient males that
were not identified were unlikely to be present long enough to
contribute to the social stability of the system (Twiss 1991).
Neighbor similarity values were then averaged per day for
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eachmale and ranged from 0 (unstable—all new neighbors) to
1 (stable—no new neighbors).

Statistical analyses

We first examined how neighbor similarity and other spatial
metrics for males on the colony changed within and between
seasons. Individual daily averages for neighbor similarity, dis-
tance to nearest male, and distance to nearest female were
assessed for differences between sites at Donna Nook (RAF
n=590; PUB n=827) and years (2011 n=277; 2012 n=634;
2013 n=504) using linear mixed effects models (LMMs) with
male ID (n=147) and observer ID (in 2012 and 2013, n=2) as
random effects to account for pseudoreplication and observer
variance. For measures across years, only days that were pres-
ent in all 3 years (day of year (DOY) 309–343) were used for
calculatingmeans/medians. In 2011, a storm-surge, tidal event
occurred on 26 November (DOY 330) which resulted in
spring tide waters >8m, female-pup separations, and a general
disorganization of the breeding colony. To test if this event
changed the local social or spatial structure, LMMs similar to
those above were fit with neighbor similarity, distance to
nearest male, and distance to nearest female as the response
variables, but with SITE (RAF n=590; PUB n=827), Tidal
Event (Before n=220; After n=57), and SITE*Tidal Event as
the categorical predictor variables.

We then examined the factors driving individual daily rates
of aggression by fitting generalized LMMs (GLMM, Poisson
distribution; link=log) with male ID and observer ID (in 2012
and 2013) as random effects to account for repeat measures of

the same male within each year and potential observer vari-
ance. The response variable was the rounded daily rate of
aggression (DAI) per male per day, and the predictor variables
included were the male’s mean normalized dominance score
that day, his average distance to nearest male that day, average
distance to nearest female that day, and his average neighbor
similarity that day. These predictor variables accounted for
individual quality, density effects, and social determinants of
rates of aggression. The model also included SITE as an in-
teractive, fixed explanatory variable to test for site-specific
differences. Models were fit for 2011, 2012, and 2013 sepa-
rately to allow for inclusion of year-specific variables. Specif-
ically, an additional predictor variable of Tidal Event (TDEV)
was included in the 2011 model as an interactive term to test if
the continuous predictor variables differed in their effect prior
to or after the tidal event. Finally, the same modeling proce-
dure was followed to predict the probability of a male engag-
ing in at least one aggressive interaction which involved con-
tact per day using binomial GLMMs (logit-link). Models for
all analyses were run in R 2.13.2 (R Development Core Team
2011) with the lme4 package (Bates et al. 2011). Final models
were selected following AIC minimization criteria (Richards
2008); all models within Δ6 AIC were retained, and any
models within this set that were more complex versions of
their nested counterparts, but with higher ΔAIC values, were
excluded.ΔAIC values presented for Bnull models^ represent
the models with no fixed effects, and only random effects.

Results

Patterns in local social stability and spatial distributions
of males across years and sites

Generally, there was little evidence of inter-annual or site dif-
ferences in average neighbor similarity (neighbor similarity,
ΔAICNull=0; second best model, ΔAICSite=6.5) or distance
to male (distance to nearest male, ΔAICNull=0; second best
model, ΔAICSite=7.0). Distance to the nearest female was
significantly greater at the RAF site (12.75±0.6 m SE) than
the PUB site (9.98±0.4 m SE) in all 3 years (distance to
nearest female, ΔAICSite=0, ΔAICNull=6.9), and there was
also some evidence of inter-annual differences in distance to
nearest female, with greatest distances observed in 2011
(13.29±0.9 m SE, 2012=11.25±0.5 m SE, 2013=9.79±
0.6 m SE; second best model—distance to nearest female,
ΔAICSite+Year=2.7, ΔAICNull=6.9).

Effect of stochastic tidal event on measures of spatial
distribution and local social stability

Distances to the nearest male did not differ pre- and post-tidal
event at either site (distance tomale,ΔAICNull=0; second best

Fig. 1 An example of Theissen polygons generated around male
positions on day of year 325 at the RAF site in 2012. Black points
represent mapped locations of males for the given hour (known=
alphanumeric code; unknown=x). The lines are drawn at the midpoints
between adjacent points, creating polygons. Males were considered
Bneighbors^ if their polygons shared an edge for the given hour
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model,ΔAICSite=4.05; Fig. 2a). The tidal event increased the
distance to the nearest female from an average of 10.88±
0.74 m SE pre-tidal event, to 22.42±1.49 m SE following
the tidal event, but there was no difference across sites (dis-
tance to female, ΔAICTidal=0, ΔAICTidal+Site+Tidal*Site=6.9,
ΔAICNull=18.51; Fig. 2b). Individuals’ neighbor similarity
decreased after the tidal event from an average of 0.51±
0.015 to 0.33±0.01 SE, and there was some evidence that
the tidal event resulted in a relatively greater reduction in
neighbor similarity at the RAF site (neighbor similarity,
ΔAICTidal+Site+Tidal*Site=0,ΔAICNull=22.07; Fig. 2c). How-
ever, the second-best model for neighbor similarity did not
include the interaction between the tidal event and SITE
(neighbor similarity, ΔAICTidal=0.08), suggesting the evi-
dence for different effects across sites might be limited.

Prediction of individual rates of aggression

Models provided evidence that neighbor similarity and prox-
imity to competitors were important factors explaining indi-
vidual rates of aggression in all 3 years (Table 1). Increasing
neighbor similarity was associated with reduced rates of ag-
gression (Table 2 and Fig. 3a). This pattern was conserved at

the RAF site in all years, but in 2012 and 2013 at the PUB site,
neighbor similarity shared no significant relationship with ag-
gression (Table 2 and Fig. 3a). Males farther away from com-
petitor males also exhibited reduced aggression (Table 1). This
pattern was apparent at the RAF site in all years (Table 2 and
Fig. 3b), though again, in 2012 and 2013 at the PUB site, the
effect was slightly reduced (Table 2 and Fig. 3b). There was
less evidence supporting distance to the nearest female or
dominance score as important factors in explaining variation
in aggression. While both were retained in the best models in
all years, dominance was often excluded as a factor in subse-
quent models retained under the AIC criteria (Table 1). Addi-
tionally, the effect sizes of both parameters were small relative
to other factors, and the direction, significance, and sizes of
effects varied across years and sites (Table 2 and Fig. 3c, d).
Finally, the tidal event in 2011 was retained as a fixed and
interactive effect (Table 1). The relationship between the dis-
tance to the nearest male and aggression was lost after the tidal
event (Table 2 and Fig. 3b). Dominance had no relationship
with aggression prior to the tidal event, but after the tidal event
in 2011, dominant males had less aggression per day than
subordinate males (Table 2 and Fig. 3d).

Prediction of individual daily contact aggression

Neighbor similarity and distance to male competitor were
again the strongest predictors for the probability of engaging
in a Contact AI in a given day (Table 3). As neighbor similar-
ity and distance to nearest male increased, the probability of
engaging in a Contact AI was reduced across all 3 years, with
the effect of neighbor similarity again showing a tendency to
have a stronger effect at the RAF site (Tables 3 and 4 and
Fig. 4a, b). Dominance was retained in the 2011 model with
an interaction with the tidal event (Table 3), but its effect on
the probability of escalation was not significant (Table 4).
Distance to nearest female was not a strong predictor of the
probability of escalated aggression (Tables 3 and 4).

Discussion

Our results demonstrate that the variation in aggression be-
tween individual male gray seals is highly associated with the
local stability of neighbor identity and competitor proximity,
and less influenced by resource (female) proximity and dom-
inance rank. Males with full neighbor similarity had an ap-
proximately 50 % reduction in the frequency of aggression
and the probability of escalated aggression compared to males
with no neighbor similarity. There was some temporal and
spatial variability for this relationship, which suggests that
the effectiveness of specific factors might be dependent on
local conditions. For example, there was very little evidence
suggesting dominance score shared a relationship with

Fig. 2 The differences in a mean daily distance (m) to nearest male
(DNM), b distance (m) to nearest female (DNF), and c neighbor similarity
(NJSI, 0=unstable, 1=stable) at the RAF and PUB site pre- and post-tidal
event in 2011 (day of year 330). Boxes represent the interquartile range
around the median (dark line). Whiskers represent the 75th and 25th
percentiles. Circles outside of whiskers represent possible outliers. Sig-
nificant differences are denoted by an asterisk
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individual frequency of aggression, or probability of escalated
aggression, during typical breeding seasons. However, after a
stochastic tidal surge caused redistribution of seals and disrup-
tion of local social stability, the dominant males had approx-
imately 50 % less aggression compared to the most subordi-
nate males.

Social stability and aggression

Instead of dominance score showing a strong correlation to
rates of aggression (Twiss 1991), we found a strong asso-
ciation between increasing local social stability and lower
rates and intensity of aggression at the daily temporal scale.
This relationship likely reflects the potential for greater
mating success through conservation of energy and
prolonged tenure found in this and other closely related
systems (Twiss 1991; Twiss et al. 1994, 2006; Lidgard
et al. 2005; P rschmann et al. 2010; Bishop et al. 2015b).
For other territorial species, the importance of local social
stability is supported in that losing to a stranger often re-
sults in expulsion from a territory, but a loss to a neighbor
might only result in a small loss of territory or a few
resources (Husak and Fox 2003a, b; Bee 2003; Lachish
and Goldizen 2004; Booksmythe et al. 2010; Cross et al.
2013). For male gray seals, Bnot losing^ a position near
females is considered more important than Bwinning^ in
terms of securing mating success (Anderson et al. 1975;

Anderson and Fedak 1985; Twiss 1991), and length of stay,
not dominance, is an important driver of mating success in
pinniped breeding systems (Twiss 1991; P rschmann et al.
2010). As such, individuals’ relative dominance scores, as
measures of ability to Bwin^ (Drews 1993; Neumann et al.
2011), might not determine rates of aggression if selection
favors Bnot losing^. Instead, regardless of dominance rank
or score, males might benefit when the local social neigh-
borhood is stable by not having to defend their positions to
intruders, but only maintain the boundaries with their
neighbors. Dominant males on North Rona, Scotland, often
maintained positions in the core of the colony where they
were buffered from exposure to Broaming^ transient males
(Anderson et al. 1975; Twiss 1991; Twiss et al. 1994);
therefore, the previous link between high dominance and
lower aggression for gray seals could be an artifact of not
including appropriate spatial or social variables (Twiss
1991).

While it was not explicitly tested in this study, neighbor
consistency is a key requirement for the dear enemy phenom-
enon (DEP—Jaeger 1981; Getty 1987). Thus, the potential for
DEP to be in effect in this system merits some consideration.
There is currently some evidence of individual recognition for
gray seals. Female gray seals exhibit some level of sociality
not explained by spatial metrics alone (Pomeroy et al. 2000,
2005; Insley et al. 2003; Ruddell et al. 2007; Robinson et al.
2015), and they also have the capacity for discerning the iden-
tity of their pups (McCulloch et al. 1999; McCulloch and

Table 1 Retained GLMMs for predicting individual male DAI (daily rate of aggression) in 2011–2013

Year AICc ΔAIC Weight

2011 (Nsamples=277, NMID=48)

DAI ∼ TDEV + NJSI + DNF + DNM + ELO + ELO:TDEV + DNM:TDEV 701.78 0 0.09

DAI ∼ TDEV + NJSI + DNF + DNM + ELO + ELO:TDEV 703.58 1.8 0.04

DAI ∼ TDEV + NJSI + DNF + DNM + DNM:TDEV 706.66 4.88 0.01

2012 (Nsamples=635, NMID=75, NOBSR=2)

DAI ∼ (ELO + NJSI + DNF + DNM + SITE) * SITE 2635.12 0 0.36

DAI ∼ ELO + NJSI + DNF + DNM + SITE + ELO:SITE + DNF:SITE + NJSI:SITE 2636.16 1.05 0.21

DAI ∼ NJSI + DNF + DNM + SITE + DNF:SITE + DNM:SITE + NJSI:SITE 2636.31 1.2 0.20

DAI ∼ NJSI + DNF + DNM + SITE + DNF:SITE + NJSI:SITE 2637.88 2.77 0.09

2013 (Nsamples=504, NMID=82, NOBSR=2)

DAI ∼ ELO + NJSI + DNF + DNM + SITE + ELO:SITE + DNM:SITE + NJSI:SITE 1551.58 0 0.26

DAI ∼ ELO + NJSI + DNF + DNM + SITE + ELO:SITE + DNF:SITE + NJSI:SITE 1553.42 1.03 0.15

DAI ∼ NJSI + DNF + DNM + SITE + DNF:SITE + DNM:SITE + NJSI:SITE 1554.05 1.19 0.14

DAI ∼ ELO + NJSI + DNF + DNM + SITE + ELO:SITE + NJSI:SITE 1554.08 1.59 0.12

DAI ∼ NJSI + DNF + DNM + SITE + DNM:SITE + NJSI:SITE 1554.21 2.6 0.07

DAI ∼ ELO + NJSI + DNF + DNM + SITE + DNF:SITE + NJSI:SITE 1556.59 3.17 0.05

DAI ∼ NJSI + DNF + DNM + SITE + NJSI:SITE 1556.67 4.55 0.03

Random effects included in the models were MID (male ID) in 2011, and MID and OBSR (primary or secondary observer) in 2012. All continuous
predictor variables are averages per day

ELO DayEloN, NJSI neighbor similarity, DNF distance to nearest female (m), DNM distance to nearest male (m), TDEV tidal event 2011
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Boness 2000; Insley et al. 2003). Aggression was reduced
among weaned gray seal pups of both sexes when individuals
had previous exposure to each other (Robinson et al. 2015). In
other pinnipeds, male northern elephant seals, Mirounga
angustirosis, rely on characteristics of vocalizations to identify
individuals (Casey et al. 2013). Male gray seals exhibit spatial
site fidelity and roughly 30–40 % return across years (Twiss
et al. 1994), suggesting males are exposed to similar individ-
uals over time. However, to our knowledge, there have not
been any rigorous attempts to investigate individual recogni-
tion capability in adult male gray seals. Therefore, at this time,
we cannot ascertain if the DEP, via local social stability, is
driving the observed reduction in rates and intensity of conflict
male gray seals, but the evidence from female gray seals and
pups suggests that there could be a component of individual
recognition in play. Very little is known about DEP driving
conflict reduction in wild systems which do not assort into
clearly defined territories. As controlled, paired trials are not

feasible for adult gray seals, a more comprehensive examina-
tion of the role of local social stability and DEP would benefit
by coupling neighbor similarity metrics with auditory play-
backs (Casey et al. 2013), visual or scent manipulations which
test for individual recognition (Cross et al. 2013), or hormonal
analysis which can test for physiological indicators of recog-
nition (Robinson et al. 2015).

Context dependence of social and spatial variables

The fine spatial and temporal scale of the present study allows
us to make some observations about how natural environmen-
tal variation shapes conflict and conflict reduction. In the pres-
ent study, the correlates of male aggression appeared to be
conserved across years; however, some factors such as male
proximity and neighbor similarity varied in the size or in the
direction of their effect between years and sites. There is

Table 2 Coefficient estimates for
the retained fixed effects in the
best models for predicting
individuals’ daily rates of
aggression (ΔAIC=0; Table 1)

Year Coefficient estimate Standard error P value

2011 Intercept: PRE TIDE 2.02 0.16 <0.0001

Intercept: POST TIDE 1.54 0.35 0.17

NJSI −0.65 0.18 0.0003

DNF 0.008 0.003 0.003

ELO: PRE TIDE 0.17 0.13 0.194

ELO: POST TIDE −0.67 0.26 0.01

DNM: PRE TIDE −0.03 0.005 <0.0001

DNM: POST TIDE 0.006 0.02 0.67

2012 Intercept: RAF 3.69 0.20 <0.0001

Intercept: PUB 2.45 0.20 <0.0001

ELO: RAF 0.06 0.07 0.41

ELO: PUB −0.17 0.08 0.03

NJSI: RAF −0.92 0.12 <0.0001

NJSI: PUB 0.24 0.14 0.09

DNF: RAF −0.007 0.002 <0.0001

DNF: PUB 0.006 0.003 0.03

DNM: RAF −0.05 0.005 <0.0001

DNM: PUB −0.04 0.005 <0.0001

2013 Intercept: RAF 3.69 0.15 <0.0001

Intercept: PUB 2.39 0.19 <0.0001

DNF −0.004 0.002 0.004

ELO: RAF 0.17 0.08 0.04

ELO: PUB −0.16 0.10 0.11

NJSI: RAF −1.01 0.12 <0.0001

NJSI: PUB 0.11 0.14 0.46

DNM: RAF −0.04 0.006 <0.0001

DNM: PUB −0.02 0.004 <0.0001

All predictor variables are averages per day

ELODayEloN,NJSI neighbor similarity,DNF distance to nearest female (m),DNM distance to nearest male (m),
PRE TIDE DOY <330, POST TIDE DOY ≥330
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evidence that the relationship between the local environment
and conflict reduction is context dependent in other systems
(Graham and Herberholz 2009; Tierney et al. 2013; Monclús

et al. 2014). The presence of a female in the test arena reduced
the effect of DEP for male pupfish Cyprinodon variegatus
(Leiser 2003), male Galápagos sea lions congregate in shaded

Fig. 3 The effects of a neighbor similarity (NJSI, 0=unstable, 1=stable),
b distance (m) to nearest male (DNM), c distance (m) to nearest female
(DNF), and d Elo dominance score (DayEloN) in 2011, 2012, and 2013
on an individual male’s frequency of AIs daily. If there was an interaction

effect of the tidal event, separate responses are differentiated as pre-tidal
event (pink) and post-tidal (blue). Similarly, if SITE interacted, the re-
sponses are differentiated as RAF (green) and PUB (orange) (shaded area
is 95 % CI)
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areas during periods of thermal stress (Wolf et al. 2005), and
the location of aggressive behaviors for California sea lions,
Zalophus californianus, were related to temperature (
Bohórquez-Herrera et al. 2014).

Thermal stress, and the associated physiological responses,
selects against high levels of aggression in warm environ-
ments for animals such the mole rat Spalax ehrenbergi
(Ganem and Nevo 1996). Although gray seals breed in the
autumn in temperate climates, they exhibit variation in behav-
iors in relation to thermal stress and weather (Twiss et al.
2000, 2002, 2007; Redman et al. 2001). Female gray seals
prefer breeding sites in close proximity to pools of water for
the presumed function of thermoregulation and as a source of
drinking water (Stewart et al. 2014). In years with increased
rainfall, the variation in mating success between male gray
seals was greater due to females not traveling to gain access
to pools and thus allowing for greater monopolization of mat-
ing opportunities (Twiss et al. 2007). Increased topographic
variation has also been associated with an overall reduction in
conflict (Anderson and Harwood 1985; Twiss et al. 1998). At
Donna Nook, dunes and muddy wallows create fine-spatial-
scale topographic variation at the PUB site. Aggression at this
site was lower for dominant males and positively correlated
with increased competitor proximity. However, at the flat
RAF site, particularly in wetter and colder years, neighbor
stability appears to be most important for facilitating a reduc-
tion of aggression. Due to only three seasons of data being

Table 3 Retained GLMMs for
predicting the probability of a
contact AI (PF) per day in 2011–
2013

Year AICc ΔAIC Weight

2011 (Nsamples=277, NMID=48)

PF ∼ ELO + NJSI + DNM + ELO:TDEV 343.14 0 0.03

PF∼ELO + NJSI + ELO:TDEV 345.65 2.51 0.01

PF ∼ NJSI + DNM 345.69 2.55 0.01

PF ∼ DNM 345.99 2.85 0.01

PF ∼ NJSI + DNF 347.30 4.15 0.004

PF ∼ NJSI 348.28 5.14 0.002

PF ∼ 1 348.81 5.60 0.002

2012 (Nsamples=635, NMID=75, NOBSR=2)

PF ∼ NJSI + DNF + DNM + SITE + NJSI:SITE + DNF:SITE 799.69 0 0.20

PF ∼ NJSI + DNF + DNM + SITE + DNF:SITE 803.22 3.53 0.03

PF ∼ NJSI + DNF + DNM + SITE + NJSI:SITE 803.58 3.89 0.03

PF ∼ DNM 803.61 3.92 0.03

PF ∼ NJSI + DNF + SITE + NJSI:SITE + DNF:SITE 803.98 4.87 0.02

2013 (Nsamples=504, NMID=82, NOBSR=2)

PF ∼ NJSI + DNM 606.56 0 0.12

PF ∼ NJSI + DNF + SITE + NJSI:SITE 610.79 4.24 0.02

PF ∼ NJSI 611.36 4.81 0.01

Random effects included in the models were MID in 2011, and MID (male ID) and Observer (primary or
secondary) in 2012

PF daily probability of escalating to a fight/contact AI,ELODayEloN,NJSI neighbor similarity,DNF distance to
nearest female (m), DNM distance to nearest male (m), TDEV tidal event 2011 only

Table 4 Coefficient estimates for the retained fixed effects in the best
models across years for predicting the probability of an individual
engaging in an escalated interaction on a given day (ΔAIC=0; Table 3)

Year Coefficient
estimate

Standard error P value

2011 Intercept 0.50 0.57 0.38

NJSI −1.42 0.63 0.02

DNM −0.04 0.02 0.04

ELO: PRE TIDE 0.64 0.45 0.16

ELO: POST TIDE −0.70 0.64 0.28

2012 Intercept: RAF 1.63 0.63 0.01

Intercept: PUB −0.25 0.58 0.001

DNM −0.05 0.02 0.01

NJSI: RAF −2.06 0.72 0.004

NJSI: PUB 0.30 0.70 0.67

DNF: RAF −0.04 0.01 0.005

DNF: PUB 0.01 0.02 0.39

2013 Intercept 0.75 0.55 0.16

NJSI −1.62 0.52 0.002

DNM −0.05 0.02 0.01

All continuous predictor variables are averages per day

ELO DayEloN, NJSI neighbor similarity, DNF distance to nearest female
(m), DNM distance to nearest male (m), PRE TIDE DOY <330, POST
TIDE DOY ≥330 in 2011 only
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available, additional data would be needed for any firm con-
clusions to be drawn regarding the effects of broad weather
patterns or differences in resource availability on gray seal
aggression. However, by investigating individual variation in
aggression in the wild at a fine temporal and spatial scale, we
have begun to unravel how individuals’ aggression responds
to local environmental patterns, natural fluctuations, and sub-
sequent changes in resource availability. Similar methods can
be applied to systems in which only large-scale data has pre-
viously been available.

Finally, reductions in conflict driven by dominance hierar-
chies and DEP can be context dependent in regards to rapid
changes in natural conditions (Graham and Herberholz 2009;
Monclús et al. 2014). When features of the environment are
highly variable, inter-individual differences in behaviors can
be masked or their effects diminished (Killen et al. 2013). At
Donna Nook, in comparison to colonies such as North Rona,
Scotland, individuals are exposed to relatively greater envi-
ronmental variability in the form of daily tidal fluctuations due
to the open access to the sea. Individuals are also exposed to
relatively greater anthropogenic presence due to the colony’s
position on the mainland coast. The generally variable envi-
ronment at Donna Nook could be increasing the costs associ-
ated with relying on factors such as dominance under normal
conditions, and instead be selecting for maintaining local so-
cial stability as a means of reducing conflict. By using a fine-
temporal-scale measure of dominance, we found that follow-
ing the tidal event in 2011, when individuals’ average local
social stability were greatly reduced, dominance was a stron-
ger predictor of conflict reduction, even though under

Bnormal^ conditions, relying on this alone would presumably
have a greater cost. This could again be evidence of the strong
selection for Bnot losing^ in this system (Anderson and Fedak
1985). Our work has begun to discern the importance of in-
cluding fine-scale variability measures, such as natural distur-
bance events within a breeding season, when investigating the
drivers of individual rates of aggression. Further work which
links measures of social stability, dominance, and spatial dis-
tribution of resources to direct measures of costs will be vital
for predicting how individuals, colonies, or populations will
respond to stressors such as anthropogenic presence or climate
change.

Acknowledgments This work was supported by the Durham Doctoral
Studentship. We would like to thank the assistance and support of the
Lincolnshire Wildlife Trust, specifically Rob Lidstone-Scott and Lizzie
Lemon, for logistical assistance. We also thank James Stewart for assis-
tance in data collection. Finally, thank you to the editor and the two
anonymous reviewers whose comments and suggestions improved this
manuscript.

Ethical Approval This study was observational in nature, and all work
complies with the current UK laws of animal welfare. All applicable
international, national, and/or institutional guidelines for the care and
use of animals were followed.

Funding This study was funded by a Durham Doctoral Studentship
awarded to author AB.

Conflict of Interest Author AB declares she has no conflict of interest.
Author PP declares that he has no conflict of interest. Author ST declares
that he has no conflict of interest.

Fig. 4 The effects of a neighbor
similarity (NJSI, 0=unstable, 1=
stable) and b distance (m) to
nearest male (DNM) in 2011,
2012, and 2013 on the probability
of a male engaging in a Contact
AI on a given day. When SITE
was retained as an interaction
term, response of RAF (green)
and PUB (yellow) are separate
(shaded area is 95 % CI)

Behav Ecol Sociobiol (2015) 69:1663–1675 1673



References

Altmann J (1974) Observational study of behaviour: sampling methods.
Behaviour 49:227–265

Anderson SS, Fedak MA (1985) Grey seal males: energetic and behav-
ioural links between size and sexual success. Anim Behav 33:829–
838

Anderson SS, Harwood J (1985) Time budgets and topography: how
energy reserves and terrain determine the breeding behaviour of grey
seals. Anim Behav 33:1343–1348

Anderson SS, Burton RW, Summers CF (1975) Behaviour of grey seals
(Halichoerus grypus) during a breeding season at North Rona. J
Zool 177:179–195

Ang TZ, Manica A (2010) Benefits and costs of dominance in the angel-
fish Centropyge bicolor. Ethology 9:855–865

Arnott G, Elwood RW (2009) Assessment of fighting ability in animal
contests. Anim Behav 77:991–1004

Bates D, Maechler M, Bolker B (2011) lme4: Linear mixed-effects
models using S4 classes. R package version 0.999375-42, http://
CRAN.R-project.org/package=lme4

Bee MA (2003) A test of the ‘dear enemy effect’ in the strawberry dart-
poison frog (Dendrobates pumilio). Behav Ecol Sociobiol 54:601–
610

Bishop AB, Lidstone-Scott R, Pomeroy PP, Twiss SD (2014) Body Slap:
an innovative aggressive display by breeding male gray seals
(Halichoerus grypus). Mar Mammal Sci 30:579–593

Bishop AB, Denton P, Pomeroy PP, Twiss SD (2015a) Good vibrations
by the beach boys: seismic magnitude is an honest indicator of male
grey seal size. Anim Behav 100:74–82

Bishop AB, Pomeroy PP, Twiss SD (2015b) Breeding male grey seals
exhibit similar activity budgets across varying exposures to human
activity. Mar Ecol-Prog Ser 527:247–259

Bohórquez-Herrera J, Hernández-Camacho CJ, Aurioles-Gamboa D,
Cruz-Escalona VH (2014) Plasticity in the agonistic behaviour of
male California sea lions, Zalophus californianus. Anim Behav 89:
31–38

Boness DJ (1984) Activity budget of male gray seals, Halichoerus
grypus. J Mammal 65:291–297

Boness DJ, James H (1979) Reproductive behaviour of the grey seal
(Halichoerus grypus) on Sable Island, Nova Scotia. J Zool 188:
477–500

Booksmythe I, Jennions MD, Backwell PRY (2010) Investigating the
‘dear enemy’ phenomenon in the territory defence of the fiddler
crab, Uca mjoebergi. Anim Behav 79:419–423

Boyd R, Silk JB (1983) A method for assigning cardinal dominance
ranks. Anim Behav 31:45–58

Briffa M, Elwood RW (2004) Use of energy reserves in fighting hermit
crabs. Proc R Soc Lond B 271:373–379

Carlini AR, Poljak S, Daneri GA, Márquez MEI, Negrete J (2006) The
dynamics of male harem dominance in southern elephant seals
(Mirounga leonina) at the South Shetland Islands. Polar Biol 29:
796–805

Casey C, Reichmuth C, Fregosi S, Charrier I, Mathevon N (2013) The
acoustic signature of the male northern elephant seal: individual
variation supports recognition during competitive interactions. J
Acoust Soc Am 134:3988

Cross HB, Blumstein DT, Rosell F (2013) Do marmots display a ‘dear
enemy phenomenon’ in response to anal gland secretions? J Zool
289:189–195

David HA (1987) Ranking from unbalanced paired-comparison data.
Biometrika 74:432–436

DeVries H, Stevens JMG, Vervaecke H (2006)Measuring and testing the
steepness of dominance hierarchies. Anim Behav 71:585–592

Drews C (1993) The concept and definition of dominance in animal
behaviour. Behaviour 125:283–313

Francis RC (1988) On the relationship between aggression and social
dominance. Ethology 3:223–237

Gammell MP, De Vries H, Jennings DJ, Carlin CM, Hayden TJ (2003)
David’s score: a more appropriate dominance ranking method than
Clutton-Brock et al.’s index. Anim Behav 66:601–605

Ganem G, Nevo E (1996) Ecophysiological constraints associated with
aggression, and evolution toward pacifism in Spalax ehrenbergi.
Behav Ecol Sociobiol 38:245–252

Gerber LR, González-Suárez M, Hernández-Camacho CJ, Young JK,
Sabo JL (2010) The cost of male aggression and polygyny in
California sea lions (Zalophus californianus). PLoS-ONE 5, e12230

Getty T (1987) Dear enemies and the prisoner’s dilemma: why should
territorial neighbors form defensive coalitions? Am Zool 27:327–
336

Goessmann C, Hemelrijk C, Huber R (2000) The formation and mainte-
nance of crayfish hierarchies: behavioural and self-structuring prop-
erties. Behav Ecol Sociobiol 48:418–428

GrahamME, Herberholz J (2009) Stability of dominance relationships in
crayfish depends on social context. Anim Behav 77:195–199

Haley MP, Deutsch CJ, Le Boeuf BJ (1994) Size, dominance and copu-
latory success in male northern elephant seals, Mirounga
angustirostris. Anim Behav 48:1249–1260

Heitor F, do Mar OomM, Vicente L (2006) Social relationships in a herd
of Sorraia horses: part 1. Correlates of social dominance and con-
texts of aggression. Behav Process 73:170–177

Hemelrijk CK (2000) Towards the integration of social dominance and
spatial structure. Anim Behav 59:1035–1048

Herberholz J, McCurdy C, Edwards DH (2007) Direct benefits of social
dominance in juvenile crayfish. Biol Bull 213:21–27

Husak JF, Fox SF (2003a) Adult male collard lizards, Crotaphytus
collaris, increase aggression towards displaced neighbours. Anim
Behav 65:391–396

Husak JF, Fox SF (2003b) Spatial organization and the dear enemy phe-
nomenon in adult female collared lizards, Crotaphytus collaris. J
Herpetol 37:211–215

Insley SJ, Phillips AV, Charrier I (2003) A review of social recognition in
pinnipeds. Aquat Mamm 29:181–201

Jaeger RG (1981) Dear enemy recognition and the costs of aggression
between salamanders. Am Nat 117:962–974

James HMC (2013) Individual differences in maternal behaviour in the
grey seal (Halichoerus grypus) and the impact of disturbance at
Donna Nook. Durham Theses, Durham University, http://etheses.
dur.ac.uk/7305

Killen SS, Marras S, Metcalfe NB, McKenzie DJ, Domenici P (2013)
Environmental stressors alter relationships between physiology and
behaviour. Trends Ecol Evol 28:651–658

Kokko H (2013) Dyadic contests: modelling fights between two individ-
uals. In: Hardy ICW, Briffa M (eds) Animal contests. Cambridge
University Press, Cambridge, pp 5–32

Kovacs KM, Lavigne DM (1986) Growth of grey seal (Halichoerus
grypus) neonates: differential maternal investment in the sexes.
Can J Zool 64:1937–1943

Lachish S, Goldizen AW (2004) Responses to neighbours and non-
neighbours in the buff-banded rail (Gallirallus philippensis): no
dear-enemy relationships. Aust J Zool 52:369–378

Lawson JM (1993) A descriptive and quantitative comparison of the
communication of gray seals, Halichoerus grypus, at three sites in
the North Atlantic Ocean. PhD thesis, Memorial University, St.
John’s, Newfoundland, http://collections.mun.ca/PDFs/theses/
Lawson_JohnWarren2.pdf

Leiser JK (2003) When are neighbours ‘dear enemies’ and when are they
not? The responses of territorial male variegated pupfish,
Cyprinodon variegatus , to neighbours, strangers and
heterospecifics. Anim Behav 65:453–462

1674 Behav Ecol Sociobiol (2015) 69:1663–1675

http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=lme4
http://etheses.dur.ac.uk/7305
http://etheses.dur.ac.uk/7305
http://collections.mun.ca/PDFs/theses/Lawson_JohnWarren2.pdf
http://collections.mun.ca/PDFs/theses/Lawson_JohnWarren2.pdf


Lidgard DC, Boness DJ, Bowen WD, McMillan JI, Fleischer RC (2004)
The rate of fertilization in male mating tactics of the polygynous
grey seal. Mol Ecol 13:3543–3548

Lidgard DC, Boness DJ, Bowen WD, McMillan JI (2005) State-
dependent male mating tactics in the grey seal: the importance of
body size. Behav Ecol 16:541–549

Maynard Smith J (1974) The theory of games and the evolution of animal
conflicts. J Theor Biol 47:209–221

Maynard Smith J, Price GR (1973) The logic of animal conflict. Nature
246:15–18

McCulloch S, Boness DJ (2000) Mother-pup vocal recognition in the
grey seal (Halichoerus grypus) Sable Island, Nova Scotia. Can J
Zool 251:449–455

McCulloch S, Pomeroy PP, Slater PJB (1999) Individually distinctive pup
vocalizations fail to prevent allo-suckling in grey seals. Can J Zool
77:716–723

Miller EH, Boness DJ (1979) Remarks on display functions of the snout
of the grey seal,Halichoerus grypus (Fab.), with comparative notes.
Can J Zool 57:140–148

Monclús R, Saavedra I, de Miguel J (2014) Context-dependent responses
to neighbours and strangers in wild European rabbits (Oryctolagus
cuniculus). Behav Process 106:17–21

Neumann C, Duboscq J, Dubuc C, Ginting A, Irwan AM, Agil M,
Widdig A, Englehardt A (2011) Assessing dominance hierarchies:
validation and advantages of progressive evaluation with Elo-rating.
Anim Behav 82:911–921

Ostner J, Heistermann M, Schulke O (2008) Dominance, aggression and
physiological stress in wild male Assamese macaques (Macaca
assamensis). Horm Behav 54:613–619

Pomeroy PP, Anderson SS, Twiss SD, McConnell BJ (1994) Dispersion
and site fidelity of breeding female grey seals (Halichoerus grypus)
on North Rona, Scotl. J Zool 233:429–447

Pomeroy PP, Twiss SD, Redman P (2000) Philopatry, site fidelity and
local kin associations within grey seal breeding colonies. Ethology
10:899–919

Pomeroy PP, Redman PR, Ruddell SJS, Duck CD, Twiss SD (2005)
Breeding site choice fails to explain interannual associations of fe-
male grey seals. Behav Ecol Sociobiol 57:546–556

Pörschmann U, Trillmich F, Mueller B, Wolf JBW (2010) Male repro-
ductive success and its behavioural correlates in a polygynousmam-
mal, the Galápagos sea lion (Zalophus wollebaeki). Mol Ecol 19:
2574–2586

Redman P, Pomeroy PP, Twiss SD (2001) Grey seal maternal attendance
patterns are affected by water availability on North Rona, Scotland.
Can J Zool 79:1073–1079

Richards SA (2008) Dealing with overdispersed count data in applied
ecology. J Appl Ecol 45:218–227

Robinson KJ, Twiss S, Hazon N, Moss S, Lonergan M, Pomeroy PP
(2015) Conspecific recognition and aggression reduction to famil-
iars in newly weaned, socially plastic mammals. Behav Ecol and
Sociobiol (published online doi:10.1007/s00265-015-1952-7)

Rosenthal CM, Bennett NC, Jarvis JUM (1992) The changes in the dom-
inance hierarchy over time of a complete field-captured colony of
Cryptomys hottentotus hottentotus. J Zool 228:205–226

Ruddell SJS, Twiss SD, Pomeroy PP (2007) Measuring opportunity for
sociality: quantifying social stability in a colonially breeding phocid.
Anim Behav 74:1357–1368

Stewart JE, Pomeroy PP, Duck CD, Twiss SD (2014) Finescale ecological
niche modelling provides evidence that lactating gray seals
(Halichoerus grypus) prefer access to fresh water in order to drink.
Mar Mamm Sci 30:1456–1472

Tierney AJ, Andrews K, Happer KR, White MKM (2013) Dear enemies
and nasty neighbors in crayfish: effects of social status and sex on
responses to familiar and unfamiliar conspecifics. Behav Process 99:
47–51

Twiss SD (1991) Behavioural and energetic determinants of individual
mating and success in male grey seals (Halichoerus grypus). PhD
thesis, University of Glasgow, Glasgow

Twiss SD, Pomeroy PP, Anderson SS (1994) Dispersion and site fidelity
of breeding male grey seals (Halichoerus grypus) on North Rona,
Scotland. J Zool 233:683–693

Twiss SD, Anderson SS, Monaghan P (1998) Limited intra-specific var-
iation in male grey seal (Halichoerus grypus) dominance relation-
ships in relation to variation in male mating success and female
availability. J Zool 246:259–267

Twiss SD, Caudron A, Pomeroy PP, Thomas CJ, Mills JP (2000)
Finescale topographical correlates of behavioural investment in off-
spring by female grey seals, Halichoerus grypus. Anim Behav 59:
327–338

Twiss SD, Wright NC, Dunstone N, Redman P, Moss S, Pomeroy PP
(2002) Behavioral evidence of thermal stress from overheating in
UK breeding gray seals. Mar Mamm Sci 18:455–468

Twiss SD, Poland VF, Graves JA, Pomeroy PP (2006) Finding fathers:
spatio-temporal analysis of paternity assignment in grey seals
(Halichoerus grypus). Mol Ecol 15:1939–1953

Twiss SD, Thomas C, Poland V, Graves JA, Pomeroy P (2007) The
impact of climatic variation on the opportunity for sexual selection.
Biol Lett 3:12–15

Wolf JBW, Kauermann G, Trillmich F (2005) Males in the shade: habitat
use and sexual segregation in the Galápagos sea lion (Zalophus
californianus wollebaeki). Behav Ecol Sociobiol 59:293–302

Worthington-Wilmer J, Overall AJ, Pomeroy PP, Twiss SD, Amos W
(2000) Patterns of paternal relatedness in British grey seal colonies.
Mol Ecol 9:283–292

Behav Ecol Sociobiol (2015) 69:1663–1675 1675

http://dx.doi.org/10.1007/s00265-015-1952-7

	Variability...
	Abstract
	Introduction
	Methods
	Field site
	Male-male aggressive interactions
	Spatial distribution of males
	Measures of dominance
	Stability of neighbor identity
	Statistical analyses

	Results
	Patterns in local social stability and spatial distributions of males across years and sites
	Effect of stochastic tidal event on measures of spatial distribution and local social stability
	Prediction of individual rates of aggression
	Prediction of individual daily contact aggression

	Discussion
	Social stability and aggression
	Context dependence of social and spatial variables
	References


