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Abstract As colonies fill up with more individuals, areas of
preferred nesting habitat can become scarce. Individuals
attracted to the colony by the presence of conspecifics may
then occupy nest sites with different habitat characteristics to
that of established breeders and, as a result, experience lower
nesting success. We studied a rapidly growing colony of
Svalbard pink-footed geese Anser brachyrhynchus to deter-
mine any such changes in nest site characteristics and nesting
success of newly used nest locations. Svalbard pink-footed
geese are a long-lived migratory species that breeds during the
short Arctic summer and whose population has doubled since
the early 2000s to c. 80,000. From 2003 to 2012, nest numbers
increased over fivefold, from 49 to 226, with the majority
(range 57-82 %) established within 30 m of another nest (total
range 1-164 m). Most nests, particularly during the early
stages of colony growth, shared common features associated
with better protection against predation and closer proximity
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to food resources; two factors thought key in the evolution of
colony formation. As nest numbers within the colony in-
creased, new nests occupied locations where visibility from
the nest was restricted and foraging areas were further away.
Despite these changes in nest site characteristics, the nesting
success of geese using new sites was not lower than that of
birds using older nests. Hence, we propose that nesting in
dense aggregations may offset any effects of suboptimal nest
site characteristics on nesting success via the presence of more
adults and the resultant increased vigilance towards predators.

Keywords Nest site characteristics - Nesting success -
Clustering - Coloniality - Geese

Introduction

Since there are thought to be fitness costs for individuals
nesting in dense aggregations (Wittenberger and Hunt 1985;
Moller 1987), a number of hypotheses have been proposed to
explain the evolution of colony formation (Wittenberger and
Hunt 1985; Brown et al. 1990; Anderson and Hodum 1993).
The two key factors (and therefore main benefits of colonial
nesting) are hypothesised to be reduced predation risk and
ready access to food resources (Wittenberger and Hunt 1985;
Barta and Szép 1995). Such benefits may be attributable to
physical characteristics of the habitat where nest sites are
situated within the colony. For instance, some individuals
cluster closer to foraging grounds (Daunt et al. 2002) and/or
nest in areas that provide increased security from predators
(Harris et al. 1997).

Although individuals are predicted to settle within a colony
where the habitat is most suitable, i.e. areas that provide the
best chance of reproductive success (Fretwell and Lucas
1969), the physical characteristics of the habitat that provide
the best nesting sites are rarely distributed uniformly across
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the landscape. Therefore, it is likely that the most suitable sites
for nesting are preferentially occupied and subsequently be-
come scarce as the numbers of individuals in the colony
increases. As a result, the nest site characteristics of new sites
are liable to differ from that of older sites, potentially resulting
in lower nesting success for those breeders occupying new
sites (Ens et al. 1992; Stokes and Boersma 2000 and refer-
ences therein; Kokko et al. 2004).

A suitable species with which to study these processes of
changing nest site characteristics and nesting success of new
recruits is the Svalbard pink-footed goose Anser
brachyrhynchus. These long-lived and long-distance migrato-
ry birds are a semi-gregarious ground-nesting species which,
like most Arctic breeding geese, are thought to express colony
site fidelity (Cooke et al. 1975; Mehlum 1998). Furthermore,
the population has almost doubled to c. 80,000 individuals
since 2000 (Madsen and Williams 2012). These factors, com-
bined with the rapid expansion in numbers of individuals
using a known colony, make this an ideal species with which
to study colony expansion. Hence, we determined if changes
in nest site characteristics and reproductive success occurred
in a rapidly growing colony of pink-footed geese. We predict-
ed that as nest numbers within the colony increased, the
characteristics associated with new nests would differ from
those of older nests. As a consequence of this change in nest
site characteristics, we also predicted that new nests would be
less successful than that of older nests.

Materials and methods
Study area and study population

The pink-footed goose colony studied covered an area of
0.76 km?® on the exposed, vegetated southwest facing tundra
slopes of Sassendalen (79° 20" N; Fig. 1), one of the main
pink-footed goose breeding areas in Svalbard (Jepsen et al.
2002). Vegetation within the valley is classed within the
middle Arctic tundra zone, with dry ridges, characterised by
Cassiope tetragona and Dryas octopetala dwarf shrub vege-
tation, particularly prevalent on tundra slopes (Elvebakk
1997) and fen, marsh and moss tundra vegetation found where
freshwater accumulates (Vanderpuye et al. 2002).
Pink-footed geese initiate nesting towards the end of May,
as soon as snowmelt allows access to nest sites (Madsen et al.
2007). The female incubates for 26-27 days, while the male
remains close to the nest (Lovenskiold 1964; Inglis 1977).
When both adults are present they are generally able to guard
the nest against Arctic foxes Vulpes lagopus and avian pred-
ators, such as glaucous gulls Larus hyperboreus and Arctic
skuas Stercorarius parasiticus (Inglis 1977; Madsen et al.
2007). However, if the female leaves the nest (usually to feed),
the male will follow her, leaving the eggs exposed to potential
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predation by both foxes and avian predators (Levenskiold
1964; Nyholm 1965; Inglis 1977). Arctic foxes can kill geese
(Prestrud 1992), particularly solitary incubating geese (Inglis
1977; Frafjord 1990), which may occur if the male moves too
far away from the nest to feed.

Reproductive parameters

To determine both nest numbers and nesting success of pink-
footed geese, systematic searches for nests were undertaken
for 7 years (2003-2006 and 2010-2012; no searches were
conducted from 2007 to 2009 due to financial constraints).
Searches followed a predetermined protocol and were con-
ducted by a team of observers over the same fixed area in
every year to ensure consistency in the coverage of the land-
scape and took place as soon as possible after hatching. We
systematically searched for nests by working in pairs and
walking in straight line transects (spaced at 5-m intervals)
across the tundra slopes. The coordinates of every nest found
were recorded and stored in a handheld GPS (Garmin
GPS60), and each nest was labelled with a unique number
written on a stone and placed unobtrusively next to the nest.
Checking the ID number of a used nest, and its coordinates
with that of nests identified in previous survey years allowed
us to check how many nests recorded in previous years had
been missed. This resulted in a detection probability of 93—
94 %, which compares favourably with those proposed by
Johnson and Shaffer (1990) for colonial breeding species.
Thus, this approach is unlikely to have influenced the out-
comes of our research.

We determined nesting success after hatching, rather than
regular checking of each individual nest during the incubation
period, because the pink-footed goose is particularly shy of
humans, with nest losses after human disturbance known to be
over one third (Madsen et al. 2009). Nests were easily iden-
tified by the presence of a bowl-shaped depression in the
ground surrounded by a prominent vegetated rim. Nests were
classified as having been used during the current breeding
season if fresh down feathers were found within the nest bowl,
and fresh droppings were present in the nest vicinity. Empty
nests, nests containing eggshells with no membranes and eggs
with clear indications of gull peck marks or fox tooth marks on
eggs were recorded as having been abandoned/predated. Suc-
cessful nests were those where membranes were still present
within the eggshell remains (Davis et al. 1998; Madsen et al.
2007; Prop et al. 2013). A nest was considered to have been
successful if at least one egg hatched.

Snow cover
Since the pattern of persistent snow lie can be a major land-

scape component controlling access to breeding areas and
hence dictate where nests can be established (Cotter 1999;
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Fig. 1 ASTER satellite image
showing the spatial extent of
persistent snow lie patterns across
the pink-footed goose colony at
Sassendalen, Svalbard (image
from 28 May 2004). Locations of
all nests recorded in the period
2003-2012 are indicated by
symbols. Inset map shows the
location of Sassendalen in black

Madsen et al. 2007; Smith et al. 2010), we used an ASTER
satellite image (resolution 15 m) from 28 May 2004 to deter-
mine the spatial distribution of annually persistent snow
patches in the colony during late May (the beginning of the
pink-footed goose nesting period; Madsen et al. 2007). From
this image, we produced a three-class snow coverage map
(snow, no snow, snow edge) which enabled a snow class to be

assigned to each nest location within the colony and hence
determine where nests were located in relation to snow cover.
Suitable low-cloud cover high-resolution (m scale) satellite
images were not available for years other than 2004. However,
we are confident that the spatial distribution of snow lie in the
colony in other years of the study resembled that found in
2004. This is because although the overall extent of snow
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cover varies between years (Jensen et al. 2014), the pattern of
persistent snow lie is annually consistent, i.e. snow always lies
in the same predictable places every year (verified through the
visual inspection of oblique photographs taken during late
May in 2003-2005 and pers. obs. by JM and RvdW).
Atmospheric correction was not needed as cloud cover
over the lower right quadrant of the image where the
colony was situated was low (8 %), and there was no
observable reduction in image clarity. Snow cover clas-
sification was completed on a subset of the satellite
image covering the Sassendalen area using visually
interpreted training points and a maximum likelihood
classification which evaluated attributes of each pixel
in the image to assign it to a snow class. No fewer
than 100 pixels were used to define each snow class.

Characteristics of nest sites

To define the characteristics of each nest site, we recorded data
on a number of different variables (elevation, slope, visibility
from the nest, distance to foraging areas and size thereof),
which have been predicted to be of importance to nesting
geese (Leovenskiold 1964; Madsen et al. 2007; Wisz et al.
2008). The elevations of nest site locations were recorded as
metres above sea level (masl), as indicated by GPS. Although
nests were always established on areas of flat and horizontal
substrate, such as ledges, rocky outcrops and promontories,
the slope of the underlying terrain varied throughout the
colony. This underlying slope was estimated using a compass
and is hereafter referred to as ‘slope’. The dominant plant
community in which each nest was located was recorded as
D. octopetala, C. tetragona, Carex spp., Poa spp., moss, rocks
or bare ground.

To determine how far geese had to travel from their nest to
find food, the distance from each individual nest to the nearest
area of suitable goose forage vegetation (see below), in any
direction, was measured using a range finder (Nikon Forestry
550, range 10-500 m). Sizes of the nearest foraging areas
were also recorded, with the minimum size suitable for use as
goose foraging set at 2 mx 2 m (patches smaller than this were
very rapidly denuded of vegetation and therefore not regarded
as a meaningful resource for incubating geese). Foraging areas
were wet marshes with standing water, containing the vascular
plants Dupontia spp., Eriophorum scheuchzeri, Equisetum
arvense and Bistorta vivipara, with the ground cover of veg-
etation dominated by moss species. The previous use of such
areas was confirmed by the presence of fresh goose droppings
and/or disturbance of the vegetation and by visual observa-
tions of feeding geese during the nesting period.

To establish an index of the field of view that a pair of
nesting geese had while incubating, the distances from the
nest to the nearest visual obstruction (caused by changes in the
terrain, e.g. boulders, rocky outcrops, etc.) in the four cardinal
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Fig. 2 PCA ordination diagrams of habitat characteristics measured in P>
association with pink-footed goose nest establishment in Sassendalen,
Svalbard between 2003-2006 and 2010-2012. Habitat characteristic are
shown as arrows in a with Com plant community, Vis visibility from the
nest, Slope slope, Elev elevation, ForN distance to nearest forage area,
ForV distance to nearest visible forage area and For4 size of nearest
forage area; b to h ordination diagrams with hollow symbols for new nests
and filled symbols for old nests

directions were recorded either using the range finder or, for
distances shorter than 10 m, by eye. These distances were
subsequently used to calculate the area of an ellipse (area=7rx
AxB, where A equals half the major axis and B half the minor
axis) which gave a single measurement, in square kilometres,
of an area of visibility around a nest, centred at the individual
nest. All distances were measured at a height approximately
equivalent to that of an incubating goose sitting on the nest
(3040 cm).

Statistical analysis

All statistical analyses were carried out using R v3.0.2 (R Core
Team 2012). The first set of analyses determined which nest
site characteristics of new nests changed as the number of
nests in the colony increased. As a first step, we used principal
component analysis (PCA) to reveal which nest site charac-
teristics explained most of the variation in the data. Within the
PCA, variables representing the characteristics of nest sites
were normalised before analysis to ensure unit variance
and to allow a correlation matrix to be generated. Next,
the formal assessments of relationships suggested in the
PCA were conducted using generalised linear models
(GLMs). Since nest site characteristics (elevation, slope,
visibility from the nest, distance to foraging areas and
size thereof) were continuous variables with potential
zero values, we used the package tweedie (Dunn
2014). This allowed us to use GLMs with gamma
distributions to determine changes in nest site character-
istics of new nests with increasing nest numbers within
the colony.

Pearson’s chi-squared analyses were used to determine
associations between patches of snow lie and i) nest locations
and ii) plant communities in which nests were located. Snow
cover classes and nest locations were derived from the three-
class snow map generated in ArcGIS and spatial maps of nest
locations. To determine how closely individuals nested to each
other as the colony increased in size, nearest neighbour
distances for each year (2003-2006 and 2010-2012)
were calculated in ArcGIS (version 9.3 ESRI Inc
1999-2008). Nearest neighbour ratios were calculated
by comparing the observed nest distribution in any
one year to that of a randomly generated distribution
of nests, where values less than 1 indicate clustering
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and values equal to 1 indicate a random distribution. To
determine if the randomly generated and actual nest
distributions differed in any one year, we compared
the means using z tests.

Moving on to explore which nest site characteristics influ-
enced the nesting success of new nests in the colony, we
employed a further PCA to help identify which nest site
characteristics influenced nesting success. Formal assessment
of relationships between nest site characteristics and nesting
success of new nests, suggested in the PCA, was then
analysed in a GLM with binomial distribution and logit link
function to determine changes in the nesting success of new
nests with changes in nest site characteristics. To eliminate any
potential bias due to the prior breeding experience of individ-
uals (see Forslund and Larsson 1992), data for new nests only
were used. Since the numbers of new nests in any one year
was too low to allow meaningful analysis to be conducted for
individual years, we combined all the data for first-year nests
together.

Results
Nest establishment

The initial PCA, which explored nest site characteristics as-
sociated with the establishment of new nests, identified that
the characteristics which were most strongly correlated with
PC1 were the index of all-round visibility from the nest (=
0.55), distance to the nearest forage area (¥=—0.51) and its size
(r=0.58; Fig. 2a). Distance to visible forage (»=0.50) and
slope (r=—0.40) were correlated with PC2 (Fig. 2a) and plant
community (r=—0.81) with PC3. Many nests in the colony
occupied the same core ordination space, characterised by a
plant community at the nest dominated by D. octopetala, high
visibility from the nest, relatively steep underlying slopes, low
elevations and large forage areas that were located near nests
(Fig. 2b—-h). However, as time progressed and colony size
increased, some new nests were established in parts of the
ordination space most closely associated with low visibility
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visibility from the nest and b 012 & O 1
distance to the nearest visible area
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from the nest (Fig. 2e—g), greater distances to smaller foraging
areas (Fig. 2d, f, g), higher clevations (Fig. 2f), shallower
underlying slopes (Fig. 2e, f) and vegetation types such as
C. tetragona. In the PCA, axes 1, 2 and 3 combined explained
a total of 63 % of the variation in the data (PC1=25 %, PC2=
24 %, PC3=14 %).

Formal analysis confirmed that as total nest numbers within
this colony increased from 49 to 226, average visibility from
new nests decreased by more than a third from 0.096 to
0.058 km? (t,30=4.12, p<0.001; Fig. 3a). For new nests, the
distances to the nearest visible patch of forage vegetation
increased by just over 50 %, from 82 to 127 m (£p43=2.02,
p=0.04; Fig. 3b), and the elevation of new nests increased
from 35 to 48 masl (#,7;=2.65, p=0.009). We did not find any
significant relationships between nest establishment and slope
(t258=1.81, p=0.07) or forage patch size (t,,7,=0.52, p=0.6).

There was strong evidence that new nests were established
near existing nests (p values <0.001; Table 1), generally
within 30 m. Of the 276 nests to which we could assign a
snow class, significantly more (61 %, n=168) were
established at the snow edge than expected (x*,=96.1,
p<0.001; Fig. 1). We also found that 86 % of nests (n=190)
where the underlying vegetation type was recorded (total=
226) were located in D. octopetala vegetation, significantly
more than expected (x*,=95.7, p<0.001), with the remaining
11 % (n=23) in patches of C. tetragona and 3 % (n=7) in
areas dominated by other vegetation types, rocks or bare earth.

Nesting success

Although the second ordination, which explored nest site
characteristics and nesting success of new nests, indicated a
slight separation between successful and unsuccessful nests in
some years (Fig. 4), there were no clear patterns to indicate

strong relationships between any of the characteristics of nest
sites and the success of new nests. The absence of such
relationships was confirmed by formal analysis (slope: z=
1.39, p=0.12; elevation: z=0.96, p=0.34; distance to forage:
z=0.59, p=0.56; forage area size: z=1.49, p=0.14; visibility
from nest: z=0.77, p=0.44). Thus, factors other than nest site
characteristics likely influenced the nesting success of new
nests.

Discussion

This study has captured the changing dynamics of individual
nest site characteristics during a period of rapid colony growth
at one of the main pink-footed goose breeding areas in Sval-
bard. The majority of nests, particularly those established
when the colony was smaller, shared a number of core char-
acteristics which were associated with good visibility from the
nest (as a proxy of reduced predation risk) and ready access to
food resources; two factors which have been proposed as key
drivers in the evolution of colony formation (Wittenberger and
Hunt 1985; Barta and Szép 1995). Nest site characteristics of
new nests changed as the colony filled up, but such changes
appeared to have no measurable impact on nesting
performance.

High Arctic breeding species often encounter extensive
spring snow cover that can restrict access to breeding areas
(McLaren and Alliston 1985). However, in those years when
snow cover is more extensive, geese delay nesting until this
transient snow melts to reveal their nest site (Madsen et al.
2007). Since we found a strong positive association between
the edge of persistent snow patches and nest sites and
D. octopetala and nest sites, it may be that geese use the

Table 1 Colony size, number of nests within 30 m of a neighbour, nest density and clustering information for the pink-footed goose colony studied at

Sassendalen in Svalbard between 2003 and 2012

Year Colony size (nest numbers) ~ Number of nests within ~ Nest density ~ Nearest neighbour ratio®  Test statistics for nest distributions®
30 m of a neighbour (km?) (z value, p value)
n (%)

2003 79 48 (61) 104 0.71 —4.33, <0.001

2004 56 35(62) 74 0.74 —3.55, <0.001

2005 49 28 (57) 65 0.94 —0.74, 0.46

2006 94 63 (67) 124 0.78 —3.97, <0.001

2010 226 174 (77) 294 0.75 —6.31, <0.001

2011 211 173 (82) 278 0.73 —7.17, <0.001

2012 171 139 (81) 225 0.71 —8.21, <0.001

#The nearest neighbour ratio is the observed nest distribution compared to an expected random distribution of nests. Values less than 1 indicate
clustering, values equal to 1 indicate a random distribution and values greater than 1 indicate dispersion

° The test statistics for nest distributions are the results of z tests comparing the means of a random generated nest distribution with the actual nest

distribution
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Fig. 4 PCA ordination diagrams
of habitat characteristics
measured in association with the
pink-footed goose nesting success
in Sassendalen, Svalbard between
2003-2006 and 2010-2012.
Habitat characteristic are shown
as arrows in a with Com plant
community, Vis visibility from the
nest, Slope slope, Elev elevation,
ForN distance to nearest forage
area, ForV distance to nearest
visible forage area and ForA4 size
of nearest forage area. In any one
year, successful nests are shown
as hollow symbols and
unsuccessful nests as filled
symbols
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at the junctions of exposed steep ridges and horizontal, flatter
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parts of the tundra. Wisz et al. (2008) predicted that nests
would be preferentially established on the edge of such steeper
slopes, and we hypothesise that pink-footed geese establish
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their nests along exposed ridge edges and within patches of
D. octopetala vegetation because winds blow the snow away
from these areas before other parts of the landscape, such as
areas vegetated with C. fetragona, which is characteristic of
deeper winter snow cover (Mallik et al. 2011). Such locations
also had very good all-round visibility, allowing the approach
of predators to be easily observed. This may aid in nest
defence and explain why long-lived pink-footed geese, similar
to Emperor geese Chen canagica and Cackling geese Branta
hutchinsii minima (Petersen 1990), prefer to nest in more open
areas, as it helps maximise adult survival and lifetime repro-
ductive output. With pink-footed geese, most egg losses occur
when the nest is left unattended by adults moving away to feed
rather than due to adult geese being forced off the nest by
predators (Inglis 1977; Madsen et al. 1998). Hence, nesting
close to food resources, particularly where the nest is visible
while feeding, would be beneficial as adults can quickly return
to the nest if approaching predators are spotted. Thus, good
visibility from the nest and easily accessible food resources
may be crucial in avoiding nest predation and may explain why
many pink-footed goose nests are established in areas where
food availability is good. Close proximity of food resources
may also indicate why a large colony has been established at
this location in Sassendalen, as it is situated on the ridges that
overlook the widest extent of wetland vegetation in the valley.

This colony grew primarily by infilling rather than by
expansion across a larger area of the tundra, with clustering
of nests in every year with the exception of 2005 when nest
numbers were lowest. Clustered nest distributions can arise
due to lack of suitable nesting habitat, forcing individuals to
occupy new nest locations in very close proximity to neigh-
bours. Kinship processes, whereby the offspring of adults
already nesting within a colony return to establish their nests
close to that of relatives, may also promote a clustered nest
distribution, e.g. the formation of clusters of continuous terri-
tories by red grouse Lagopus lagopus scoticus kin (Piertney
et al. 1999; MacColl et al. 2000). Since nests were established
across areas of differing nest site characteristics and the ma-
jority of nests in this colony were established at very short
nearest neighbour distances, it is unlikely that habitat avail-
ability has limited nest establishment here, and hints that many
of the adults breeding in this colony were tolerated and may
therefore be kin. Particularly, since pink-footed geese are
known to display antagonistic behaviour towards conspecifics
which intrude close to the nest (Inglis 1977), and lower rates
of aggressive disputes with neighbours that are kin compared
to those that are not closely related have been observed in
other species that form kin structures during nesting (Watson
et al. 1994). Indeed, since kinship and natal philopatry are
important factors in colony formation and growth in barnacle
geese Branta leucopsis (van der Jeugd et al. 2002), greater
white-fronted geese Anser albifrons fiontalis (Fowler et al.
2004) and lesser snow geese Chen caerulescens caerulescens

(Cooch et al. 1993), it seems highly likely that kinship pro-
cesses also play an important role in the colony dynamics of
pink-footed geese and have helped to shape the growth and
structure of this colony.

With increasing nest numbers in the colony, new nests
began to be established upslope from older nests and in
locations that had reduced all-round visibility and were situ-
ated further away from food patches. Despite this change in
the underlying characteristics of nest sites, we did not find
evidence to support the prediction that new nests would ex-
perience reduced nesting success. This is perhaps surprising as
reduced breeding success has been reported in highly colonial
species such as the common guillemot when colony size
increased and nest site quality declined (Kokko et al. 2004).
However, the reproductive success of barnacle geese has been
shown to respond positively to increasing nest aggregation
density (Karagicheva et al. 2011). Thus, since one of the
foremost suggested benefits of colonial breeding is reduced
predation risk (Wittenberger and Hunt 1985; Anderson and
Hodum 1993), nesting in a larger colony on the open tundra
may thus reduce predation for wildfowl because the vigilance
of many neighbours aids in detecting and repelling predators.

The predicted expansion of pink-footed geese across the
Svalbard archipelago due to climatic warming in the region
(Jensen et al. 2008) suggests that open tundra colonies are
likely to continue to grow (Wisz et al. 2008). Although loca-
tions covering a range of different characteristics are used for
nesting, the relative abundance of food resources on the open
tundra and the potential protection afforded by nesting close to
conspecifics may help to buffer the effects of predation and
therefore reduce any potential negative effects of habitat on
nesting success for the majority of colonial nesting pink-footed
geese. These findings appear to support the theories that pro-
tection against predators and good access to food resources are
key benefits to colonial nesting, with kinship processes a
possible strong driver behind the observed pattern of spatial
dynamics of nest distribution in this rapidly expanding colony.
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