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Abstract

Quantifying spatial patterns of bird nests and nest fate provides insights into processes influencing a species’ distribution.
At Cape Churchill, Manitoba, Canada, recent declines in breeding Eastern Prairie Population Canada geese (Branta
canadentsis interior) has coincided with increasing populations of nesting lesser snow geese (Chen caerulescens caerulescens)
and Ross's geese (Chen rossii). We conducted a spatial analysis of point patterns using Canada goose nest locations and nest
fate, and lesser snow goose nest locations at two study areas in northern Manitoba with different densities and temporal
durations of sympatric nesting Canada and lesser snow geese. Specifically, we assessed (1) whether Canada geese exhibited
territoriality and at what scale and nest density; and (2) whether spatial patterns of Canada goose nest fate were associated
with the density of nesting lesser snow geese as predicted by the protective-association hypothesis. Between 2001 and
2007, our data suggest that Canada geese were territorial at the scale of nearest neighbors, but were aggregated when
considering overall density of conspecifics at slightly broader spatial scales. The spatial distribution of nest fates indicated
that lesser snow goose nest proximity and density likely influence Canada goose nest fate. Our analyses of spatial point
patterns suggested that continued changes in the distribution and abundance of breeding lesser snow geese on the
Hudson Bay Lowlands may have impacts on the reproductive performance of Canada geese, and subsequently the spatial
distribution of Canada goose nests.
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Introduction likely driven by local spatial-scale interactions. Describing the
spatial distributions of nests, quantifying spatial variation in vital
rates (e.g., nest success), and identifying short-term changes in
nesting patterns at the local spatial scale can provide insight into
processes influencing a species’ distribution [6,8].

The spatial distribution of nesting birds is likely influenced by
multiple factors that vary in their importance among spatial scales
and exhibit potentially complex interactions [1,2]. At a local

spatial scale (e.g., nest level [high resolution, small extent]), habitat Long-term monitoring (>30 years) of breeding Fastern Prairie

Population (EPP) Canada geese (Branta canadensis interior) at Cape
Churchill, Manitoba, Canada has documented a localized decline
in nest density [9,10]; however, across the EPP Canada goose
nesting range, the breeding population has remained relatively
stable or increased [10]. This suggests there has been a shift in the

attributes and access to food resources, inter- and intra-specific
interactions, and predator pressure likely influence spatial patterns
of nesting birds [3-5], whereas at a regional spatial scale (i.e., low
resolution, large extent), climate and geomorphology are also likely
to be important [2]. The magnitude of the effect of these factors is
directly related to their influence on the vital rates of nesting birds;

rectly | " . ! ¢ spatial distribution of nesting Canada geese in this region.
primarily the survival of the nest or the survival of the nesting bird

Concurrently, nesting lesser snow geese (Chen caerulescens caerulescens)
and Ross’s geese (Chen rossi)) have expanded their spatial
distribution along western Hudson Bay [11], moving into areas
that were traditionally used solely by nesting EPP Canada geese
[10]. At the spatial scale of the EPP Canada goose range, Canada
geese and lesser snow geese utilize similar coastal tundra nest
habitat and occur in high densities across this landscape [10-12].

[6,7]. Changes in climate or geomorphology may affect range-
wide reproductive performance leading to shifts in nesting
distribution across an entire species’ range. However, these
interactions likely occur over a long temporal extent, and
subsequently are difficult to predict or manage [2]. Changes in
the spatial distribution of nests over a shorter temporal extent are
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However, at a more local spatial scale, lesser snow geese are colony
nesters (spatial aggregation) and Canada geese typically exhibit
dispersed (spatial inhibition; i.e., maximize distance between nests)
nesting ecology [9,13-15] although they have also been considered
“semi-colonial” [15].

The impact of increasing densities of nesting lesser snow geese
on nesting Canada geese is not well known. Previous studies have
identified two patterns. On Akimski Island, Nunavut, Canada
geese experienced reduced nest survival when nesting among
lesser snow geese [16]. In a different study, cackling geese (Branta
huchinsi) showed evidence, in part, supporting a protective
association with higher nest success for cackling goose nests within
aggregations of nesting Ross’s geese [17]. However, cackling goose
nest survival was reduced when there were very high densities of
Ross’s goose nests within 30 m. A recent range-wide evaluation of
nesting Canada geese and lesser snow geese along western Hudson
Bay and Cape Churchill [18] identified landscape-scale patterns in
the distribution of breeding EPP Canada geese consistent with the
findings in the cackling goose-Ross’s goose study [17].

Spatial statistics for point patterns provide a rigorous format for
quantifying spatial distributions, testing simple hypotheses, and
examining potential interactions among nesting birds [19-21].
Analyses of spatial point patterns primarily utilize inter-point
distances over a selected region [20]. These distances are
compared to those simulated using a Poisson (random) process.
Nearest-neighbor analysis incorporates the distance from each
point to its nearest-neighbor point [22] and provides information
about local-scale or first-order spatial patterns [23]. Ripley’s A-
function quantifies spatial patterns across multiple spatial scales
and incorporates information about the expected count of all
points at different distances from each point of interest to assess
second-order patterns [23]. First-order and second-order bivariate
analyses can also test for independence in the spatial point patterns
of two or more types (e.g., two species, successful versus failed
nests) [19,20]. The use of both first- and second-order analyses
provides insight as to the mechanism of spatial interactions.
Significant associations in first-order nearest-neighbor interactions
suggest potential local interactions among geese from individual
nests, which may be indicative of territoriality. Significant
assoclations in second-order analyses provide an assessment of
potential interactions associated with total abundance of nests.
Evaluation of protective associations among nesting geese [17],
which are likely influenced by overall abundance of birds rather
than the proximity of nearest-neighbors, may be better examined
with second-order analyses.

We employed spatial point-pattern analyses to quantify patterns
of Canada goose nests, Canada goose nest fate, and lesser snow
goose nests at two study areas in northern Manitoba, Canada with
different temporal durations (5 — 6 years and 10 — 15 years) of
sympatric nesting Canada and lesser snow geese. First, using first-
order analysis, we tested the hypothesis that Canada geese exhibit
dispersed nesting ecology and territoriality. Second, by examining
two study areas with differences in the temporal duration of
sympatric nesting Canada geese and lesser snow geese and second-
order point-pattern analyses, we tested the protective-association
hypothesis as a mechanism influencing the observed spatial
distribution of Canada goose nests relative to lesser snow goose
nests.

Materials and Methods

Study area
The EPP Canada goose breeding range includes ~101,500 km?
of northern Manitoba, Canada [24]. The highest density of
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breeding EPP Canada geese is found along a strip of coastal
tundra bordering western Hudson Bay [10,12]. The Nestor One
study area (~48 km? 58 34° N, 93 11’ W) was south of Cape
Churchill and approximately 60 km east-southeast of the town of
Churchill, Manitoba (Fig. 1). Nesting lesser snow geese (=5 nests)
have been present at Nestor One beginning in 2001, however
breeding lesser snow geese from a colony 20-km west have used
Nestor One for brood-rearing for more than 30 years. The Broad
River study area (~10 km?% 58 07° N, 92 51’ W) was located
~60 km south of Nestor One along the Hudson Bay coast (Fig. 1).
While relatively few lesser snow goose nests were documented
during ground surveys in the mid-1990s [9], annual aerial
breeding-ground surveys documented a >200% increase in the
number of lesser snow goose nests near the mouth of the Broad
River since 2000. Overall, Broad River, on average, had much
higher densities of both Canada goose nests and lesser snow goose
nests than Nestor One (Fig. 1). Nestor One and Broad River were
located inside of Wapusk National Park (11,475 km?) within the
broader ecosystem of the Hudson Bay Lowlands.

Nest distribution and fate

We conducted systematic ground surveys for nesting Canada
geese and lesser snow geese at Nestor One (2000-2007) and Broad
River (2005-2006) following standardized protocols [10]. Nest
observers carried global positioning system (GPS) units to record
the Universal Transverse Mercator (UTM) coordinates of Canada
goose and lesser snow goose nests. At Nestor One and Broad
River, we estimated the hatch date for all nests using egg flotation
and egg candling [25-27] and returned to nests at or subsequent to
the estimated hatch date to determine nest fate. We classified
Canada goose nest fate as successful (=1 egg hatched) or failed
[10]. Due to low rates of nest abandonment in EPP Canada geese
and the strong influence of the abundance of predators on nest
survival [9], we considered failure rate of Canada goose nests in
our study to represent a depredation rate.

Analyses of point patterns

Irregular study area boundaries and highly heterogeneous
distribution of habitats can confound analysis of spatial point
patterns [20,23]. We imported Canada goose and lesser snow
goose nest data into R v.2.5.1 (© 2007 The R Foundation for
Statistical Computing; use of trade names does not imply
endorsement by either the U.S. Geological Survey or the
University of Minnesota) and used the SPATSTAT package for
point-pattern analysis [23]. This software permitted increased
flexibility and reality in the analysis of point patterns, allowing for
irregular study area borders and incorporating areas within a
study region where no events can occur (e.g., a lake). Both Nestor
One and Broad River are irregularly shaped and at Nestor One
areas not used by nesting geese (e.g., water and large beach ridges)
divide the study area. We used ArcMAP 9.0 (© 1998 — 2004
ESRI) and a vegetation classification layer to delineate water and
beach ridges at Nestor One and Broad River [28]. We considered
water bodies and inland beach ridges >1 ha in size as patches of
non-habitat. We coded non-habitat patches into the image we
created in R representing Nestor One. The Broad River was
highly homogenous with only small bodies of water. We did not
include any non-habitat patches in our analyses for the Broad
River.

For Canada goose and lesser snow goose nests at each study
area in each year, we conducted a first-order nearest-neighbor
analysis and a second-order Ripley’s-K analysis. The calculation of
the empirical nearest-neighbor G-estimate was:
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Figure 1. Location of Nestor One and Broad River study areas in northern Manitoba, Canada. Inset panels represent a 1.5-km? area of
Nestor One (top) and Broad River (bottom) and associated distribution of Canada goose nests and lesser snow goose nests in an average year, 2005.

doi:10.1371/journal.pone.0081029.g001

Gii(r) :ni_1 Z I(ri<r)

Where, Gjj(r) was the probability a nest of type  has a nearest
neighbor of type j at distance, 7; n; was the total number of nests of
type ¢ { was an indicator variable assigned a value of 1 if r;; <r and
0 otherwise; and r; was the distance from nest of type 7 to its
nearest neighbor of type j [29,30].

The calculation of the Ripley’s-A estimate, Ajr), was:

Kj(=n;"'n'4> I(ry<r)

Where, n; was the total events of type j, and 4 was the area (m?
of the study region. All remaining variables were the same as
defined for Gjj(r). We employed these equations (G-estimate and
K-estimate) for both univariate (type ¢ = type j) and bivariate (type
¢ # type j) analyses below.

We compared the observed test statistic, £{r) or Gr), against
the distribution of Ki(r) or Gy{r) from 199 permutations of point
patterns based on a Poisson-process model with the same density
as the observed nests [31]. The 5™ and 195™ ranked values of the
simulated statistic at each distance we evaluated formed the 95%
critical envelope (95% CE). We graphed the 95% CE to test for
significant deviations from complete spatial randomness in each of
our analyses. At each distance, observed A7) or Gir) below the
95% CE indicated significant deviations from complete spatial
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randomness towards regularity or spatial inhibition at the o =
0.05 significance level. Observed Kj(r) or Gr) above the 95% CE
indicated significant aggregation.

We predicted that if Canada geese exhibited dispersed nesting
and territoriality then first-order Canada goose nest distribution
should reveal spatial inhibition. However, a mixed strategy of first-
order inhibition and second-order aggregation might suggest local-
scale territoriality coupled with selection of habitat or other factors
influencing broader-scale patterns.

For analyses of the distribution of successful and failed Canada
goose nests, we employed a random labeling simulation [20]. This
technique assumed the spatial distribution of all Canada goose
nests, whether they eventually failed or succeeded, was generated
by the same underlying process. We tested whether given this
underlying distribution of nests the marks (successful or failed)
were distributed randomly in space. We constructed the 95% CE
by simulating 199 permutations of the point pattern when we
assigned marks (i.e. nest fates) randomly.

Lastly, we utilized multi-type nearest-neighbor and Ripley’s &
analysis, which assumed nests of each type (Le., species), came
from their own underlying spatial process, to evaluate whether
Canada goose nest fate was correlated with its spatial positioning
relative to lesser snow goose nests. We evaluated successful and
failed Canada goose nests separately, relative to all lesser snow
goose nests.

We considered second-order aggregation of successful Canada
goose nests with lesser snow goose nests and second-order
inhibition between failed Canada goose nests and lesser snow
goose nests as evidence in support of the protective-association
hypothesis. This hypothesis would be further supported if short-
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term spatial patterns of Canada goose nest fate and lesser snow
goose nests at Nestor One suggested aggregation between
successful Canada goose nests and lesser snow goose nests,
coupled with data from longer-term sympatric nesting at Broad
River that identified a positive association between Canada goose
nests and lesser snow goose nests. Alternatively, first-order
aggregation of failed Canada goose nests with lesser snow goose
nests but second-order aggregation between successful Canada
goose nests and lesser snow goose nests would be consistent with
Baldwin et al. [17]. This would suggest that at a local scale (e.g.,
nearest neighbor) Canada geese do not benefit from a nearby
nesting lesser snow goose. However, at a broader spatial scale,
when incorporating information about the overall density of
nesting lesser snow geese, Canada goose nests are more likely to be
successful if aggregated with lesser snow geese than if located away
from lesser snow goose aggregations.

Assumption

Analyses of spatial point patterns typically assume all events (e.g.,
nests) were detected within a selected region (probability of
detection = 1). However, the theoretical calculation of Ripley’s
R-estimate (K;(r)= }T/-flE [N;i(r)) is the ratio of the expected count
of points in an area defined by a circle of radius, r (E[N;{)]) under
complete spatial randomness, and the mean nest density (4;).
Therefore, if a random sample of the pattern is removed, the
resulting A-estimate is proportional to the A-estimate of the entire
spatial pattern. Essentially, “random thinning” [20] multiplies both
values in the ratio by the probability (p) that one event is kept.
Walter and Rusch [32] reported the probability of discovering an
EPP Canada goose nest was 0.72, and importantly, that there was
no spatial variation in this probability at Nestor One. For our
analyses, we assumed 0.72 was equivalent to p and thus the observed
spatial sample of nests represented a random and spatially unbiased
subset of the full point pattern. A similar argument applies in
nearest-neighbor analysis in which the theoretical distribution
function of Gj [G;(r)=1— exp(—}jnrz)], under complete spatial
randomness, is defined by Z;. Therefore, removing a random
selection of proportion p of the nests does not change the shape of
the distribution of Gy

To facilitate interpretation of summary statistics, we converted
/; from nests per m? (used in point-pattern analysis calculations) to
nests per km?. Because the detection probabilities of a Canada
goose nest and lesser snow goose nest are likely different, we did
not directly compare the relative nest density (RND) between
species.

This study was conducted under strict adherence to protocol
0802A27490 approved by the University of Minnesota Animal
Care and Use Committee and did not include any protected or
endangered species. All field work occurred within Wapusk
National Park, Manitoba, Canada under Parks Canada Agency
Research and Collection Permits WAP-2005-503 and WAP 2005-
518. Data from this research can be made available through a
direct request to the corresponding author.

Results

Nest summary

At Nestor One, there were >3 lesser snow goose nests each year
during 2001-2003 and 2005-2007. We used these six years in
analyses of point patterns at Nestor One, and data from 2005 and
2006 at the Broad River. The average density of Canada goose
nests was substantially lower (3.2 nests per km?, SE = 0.30, n = 6)
at Nestor One (Fig. 1) than at Broad River (42.5 nests per km?, SE
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= 0.45,n = 2; Table 1 and Fig. 1). Lesser snow goose nest density
was also lower at Nestor One (1.3 nests per km?% SE = 0.45, n =
6) than the Broad River (22.4 nest per km?, SE = 6.35, n = 2;
Table 1 and Fig. 1). Apparent nest success (successful nests/total
number of nests) averaged 0.49 for Canada geese at Nestor One
between 2000 and 2007 (although an average of 0.73 in 2005 and
2006) and 0.71 at Broad River in 2005 and 2006. Overall, lesser
snow goose nests experienced low nest success at Nestor One (0.23)
between 2002 and 2007. In 2005 and 2006 nest success for lesser
snow geese (0.50) was still lower than at Broad River (0.63) for the
same years (Table 1). The year with the highest success of lesser
snow goose nests at Nestor One, 2003, corresponded with their
highest nest total.

Intra-specific spatial patterns of nests

Overall, Canada goose nests exhibited significant deviations
towards inhibition in first-order analyses and significant aggrega-
tion in second-order analyses (Table 2). At Nestor One, in three
(2001, 2003, 2006) of six years, Canada goose nests exhibited
significant deviations from complete spatial randomness towards
inhibition based on the distribution of nearest neighbors between
75 and 200 m (Fig. 2). However, in second-order analyses, the
Kij(r) for all Canada goose nests fell above the 95% CE, tending
toward aggregation, across many distances in five of six years
(Table 2 and Fig. 3). At Broad River in 2005 and 2006, Canada
goose nests exhibited significant inhibition at ~20 — 60 m in first-
order analysis and significant aggregation at all distances evaluated
in second-order analysis (Fig. 4).

Generally, we observed aggregation in the distribution of
successful and failed Canada goose nests relative to a random
pattern of nest fate (Table 2). Given the underlying spatial
distribution of Canada goose nests at Nestor One, the spatial
pattern of successful Canada goose nests did not deviate from
random labeling in any year we evaluated in either first- or
second-order analyses. At Broad River in 2005 and 2006,
successful Canada goose nests exhibited spatial inhibition at local
(~20 — 50 m) scales, and significant aggregation at all distances in
second-order analyses. Although failed Canada goose nests at
Nestor One exhibited few trends in first-order analysis, second-
order analysis indicated significant deviations from random
labeling towards aggregation for at least some distances in five of
six years. Within the second order analysis at Nestor One, we
observed significant aggregation of failed nests at scales of 400 —
600 m in 2002 and 2006 and at broader scales of 800 — 1,200 m in
2003, 2005, and 2007. At Broad River in 2005 and 2006, failed
Canada goose nests were aggregated at ~100 — 200 m in first-
order analysis and at all distances in second-order analyses in both
years (Fig. 5).

Overall, lesser snow goose nests were aggregated (Table 2) at
both Nestor One and Broad River. Lesser snow goose nests at
Nestor One tended significantly towards aggregation in four of six
years evaluated based on first-order analyses, in five of six years
based on the second-order A-estimate, and across nearly all
distances. At the Broad River, lesser snow goose nests were
significantly aggregated across nearly all distances in all analyses.

Inter-specific spatial patterns of nests

Successful Canada goose nests, overall, tended towards aggre-
gation with lesser snow goose nests but only significantly in 50% of
comparisons (Table 2). At Nestor One, we observed few significant
deviations (one of six years) from complete spatial randomness in
the relationship between successful Canada goose nests and lesser
snow goose nests in first-order analysis. Second-order deviations
from complete spatial randomness occurred in 2003, 2005, and
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between 2001 and 2007.
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Table 1. Number of nests (n), nest fates (S = successful; F = failed), and relative nest density (RND; nests per km?) for Eastern
Prairie Population Canada geese and lesser snow geese nests at two study areas near Cape Churchill, in northern Manitoba, Canada

Canada geese

Lesser snow geese

AREA YEAR n RND S F n RND S F

Nestor One 2001 160 524 132 28 42 138 - -
2002 118 3.87 39 79 6 0.20 0 6
2003 152 498 92 60 91 2.98 46 45
2005 173 5.67 128 45 68 2.23 18 50
2006 177 5.80 127 50 18 0.59 1 17
2007 173 5.67 93 80 13 0.43 4 9

Broad River 2005 403 41.90 291 104 154 16.00 87 60
2006 413 43.00 284 129 276 28.70 182 94

doi:10.1371/journal.pone.0081029.t001

2006. In 2003 and 2006, there was significant aggregation
between successful Canada goose nests and lesser snow goose
nests. In 2005, successful Canada goose nests exhibited significant
inhibition at 1,000 — 1,200 m with lesser snow goose nests. At
Broad River, successful Canada goose nests were significantly
aggregated with lesser snow goose nests across nearly all distances
in both first- and second-order analyses in 2005 and 2006.

Table 2. Percentage of first-order (nearest neighbor) and
second-order (K-estimate) spatial point pattern analyses (eight
possible year-site combinations) of Canada geese (CAGO) and
lesser snow geese (LSGO) nests at two study areas near Cape
Churchill, in northern Manitoba, Canada that were statistically
significant (P < 0.05) and suggested either aggregation (+) or
inhibition (—).

CAGO CAGO
CAGO success' fail?

CAGO CAGO

success fail LSGO

First-order Analysis

CAGO 63% (—)

CAGO 25% (—)

CAGO 25% (+)

LSGO 38% (+)

LSGO 88% (+)
12% (—)

LSGO 75% (+)
Second-order Analysis

CAGO 88% (+)

CAGO 25% (+)

CAGO 88% (+)

LSGO 50% (+)
12% (—)

LSGO 75% (+)
12% (—)

LSGO 88% (+)

The distribution of columns was compared to the distribution of rows in all
analyses.

Tsuccess = distribution of successful nests.

*fail = distribution of failed nests.

doi:10.1371/journal.pone.0081029.t002
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Overall, failed Canada goose nests exhibited strong aggregation
with lesser snow geese nests (Table 2). At Nestor One, failed
Canada goose nests and lesser snow goose nests exhibited
significant, albeit variable, interactions at some distances in all
six years based on first-order analysis. There was significant
aggregation between failed Canada goose nests and lesser snow
goose nests, 2005 — 2007; however, in 2003, there was significant
inhibition between failed Canada goose nests and lesser snow
goose nests. In second-order analyses for Nestor One, the observed
pattern between failed Canada goose nests and lesser snow goose
nests deviated substantially from complete spatial randomness
across many distances in four of six years (Fig. 6). From 2005 to
2007 there was significant aggregation; however, in 2003 the
relationship was exactly opposite with significant inhibition
between failed Canada goose nests and lesser snow goose nests.
At Broad River, failed Canada goose nests were aggregated with
lesser snow goose nests at all distances in both first- and second-
order analyses in 2005 and 2006.

Discussion

The relative spatial positioning and changes in the distribution
of two breeding bird species can offer evidence concerning intra-
and inter-specific interactions [19,33]. Our quantification of the
spatial distribution of Canada goose nests, Canada goose nest
fates, and lesser snow goose nests near Cape Churchill, Manitoba
using spatial point-pattern analyses identified several strong non-
random patterns in nest distribution and nest fate. We also
partially confirmed the protective-association hypothesis as a
mechanism influencing interactions between nesting Canada geese
and lesser snow geese over the last 10 — 15 years. The probability
of nest failure (depredation) in Canada geese nesting sympatrically
with lesser snow geese was conditional on lesser snow goose nest
density. We observed aggregation between failed Canada goose
nests and lesser snow goose nests at Nestor One in first- and
second-order analysis, and inhibition between successful Canada
goose nests and lesser snow goose nests in second-order analysis
when density of lesser snow geese was low (2005 — 2007). When
density of snow goose nests was high (2003) successful Canada
goose nests were aggregated with lesser snow goose nests.
Similarly, at Broad River, where lesser snow goose nest density
was much higher than at Nestor One and temporal duration of
sympatric nesting has been longer, successful Canada goose nests
tended to be aggregated strongly with lesser snow goose nests in
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Figure 2. Nearest-neighbor analysis, G(1), of all Canada goose nests at Nestor One 2001 - 2003, 2005 - 2007. The dashed line
represents the theoretical distribution under complete spatial randomness, the dotted lines are the upper and lower 95% critical envelope (CE), and
the solid black line is the observed distribution of G;;(r). Observed distribution above the 95% CE indicated aggregation whereas those below the

95% CE indicated inhibition. Distances are in meters.
doi:10.1371/journal.pone.0081029.9002

both first- and second-order analysis. Combined, these results
suggest the effect of lesser snow goose nests on Canada goose nest
fate may change depending on overall density of lesser snow goose
nests. This pattern, in part, supported the protective-association
hypothesis as it applies to interactions between nesting Canada
geese and lesser snow geese in northern Manitoba.

Although spatial patterns of northern-nesting Canada geese
have been described as “highly territorial” [15], few studies have
addressed the spatial scale at which the territorial pattern was
realized and whether this pattern was dependent upon the density
of nests. Our first-order spatial analyses provide some of the first
quantitative evidence that tundra-nesting Canada geese are
territorial. However, overall our results suggest that the scale of
territoriality and spatial patterns of Canada goose nests may differ
depending on the spatial scale of the observations. The spatial
distribution of EPP Canada goose nests varied from dispersed to
aggregated across spatial scales between 2001 and 2007; exhibiting
significant nearest-neighbor (~20 — 50 m) intra-specific inhibition,
while significantly aggregating with con-specifics at broader spatial
scales (>1,000 m). Local-scale inhibition across the range of nest
densities observed at both Nestor One and Broad River supports
the hypothesis that Canada geese exhibit local-scale territoriality
and identifies the spatial extent of territories in densely nesting
Canada geese in a tundra landscape. The cause(s) of broader scale
aggregation were likely related to the distribution of available
habitat, access to resources, the distribution of predators, or
associations with conspecifics and other species. Ultimately, there
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may be multiple factors, which vary among spatial scales and in
their effect on nest distributions, driving the spatial patterns of
Canada goose nests.

The protective-association hypothesis predicts that if Canada
goose nests experienced increased nest success through reduced
nest depredation (nearly 100% of Canada goose nests that fail are
depredated in this ecosystem) when associated with aggregations of
lesser snow goose nests, over time Canada goose nests would tend
toward further aggregation with lesser snow goose nests. This
prediction was partially confirmed by the strong aggregations of
Canada goose and lesser snow goose nests at Broad River where
Canada geese and lesser snow geese have been nesting sympat-
rically for =10 years, particularly in second-order analyses. The
nest densities of both species have increased during this period
[9,10] with now some of the highest densities of Canada goose
nests recorded in arctic and subarctic regions occurring at Broad
River. In addition, at Nestor One, failed Canada goose nests were
strongly aggregated with lesser snow goose nests in years with very
low lesser snow goose nest density but occurred farther from lesser
snow geese in a year with high density of lesser snow goose nests.
This difference in the relationship between Canada goose nest fate
and lesser snow goose nests at Nestor One was accompanied by
declining numbers of nesting snow geese. In 2003, there were 91
snow goose nests at Nestor One, and from 2005-2007 this number
declined from 69 to 13 (Table 1).

Large numbers of nesting birds are often necessary to
successfully establish a new colony when group defense and
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Figure 3. Ripley’s K-estimate of all Canada goose nests at Nestor One, 2001 - 2003, 2005 - 2007. The dashed line represents the
theoretical distribution under complete spatial randomness, the dotted lines are the upper and lower 95% critical envelope (CE), and the solid black
line is the observed distribution of Kj(r). Observed distribution above the 95% CE indicated aggregation whereas those below the 95% CE indicated
inhibition. Distances are in meters.

doi:10.1371/journal.pone.0081029.9003
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Figure 4. Nearest-neighbor, G(n, (left column), and Ripley’s K-estimate (right column) of all Canada goose nests at Broad River,
2005 - 2006. The dashed line represents the theoretical distribution under complete spatial randomness, the dotted lines are the upper and lower
95% critical envelope (CE), and the solid black line is the observed distribution of G;;(r) or Kj(r). Observed distribution above the 95% CE indicated
aggregation whereas those below the 95% CE indicated inhibition. Distances are in meters.

doi:10.1371/journal.pone.0081029.g004

PLOS ONE | www.plosone.org 7 December 2013 | Volume 8 | Issue 12 | 81029



Spatial Interactions among Subarctic-Nesting Geese

2006 “1 2006 e

K (1) x1+E06]

0.0 02 04 06 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

1 = o

0 50 100 150 200 250 0 200 400 600 800 1000 1200

DISTANCE (r)

Figure 5. Nearest-neighbor, G(1), (left column) and Ripley’s K-estimate (right column) of failed Canada goose nests at Broad River,
2005 - 2006. The dashed line represents the theoretical distribution under complete spatial randomness, the dotted lines are the upper and lower
95% critical envelope (CE), and the solid black line is the observed distribution of Gji(r)or Kjr). Observed distribution above the 95% CE indicated

aggregation whereas those below the 95% CE indicated inhibition. Distances are in meters.

doi:10.1371/journal.pone.0081029.9005

predator protection play an important role in nesting ecology [34].
In Alaska, nests of black brant (Branta bernicla) experienced lower
rates of depredation in colonies with >100 nests [35]. At the La
Pérouse Bay colony (>20,000 nesting pairs) near Churchill,
Manitoba researchers documented high nest success and low
depredation rates in densely nesting lesser snow geese [13]. In our
study, lesser snow geese experienced substantially lower apparent

to higher densities at Broad River (Table 1). It may be that
Canada geese and lesser snow geese only begin to benefit from
spatial associations when aggregations of lesser snow goose nests
reach a level that provides the benefits of group defense from
predators. Aggregations of nests below this threshold density may
attract predators and increase the likelithood of nest failure for both
species.

nest success when nesting at low densities at Nestor One compared
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Figure 6. Multi-type Ripley’s K-estimate of failed Canada goose nests relative to all lesser snow goose nests at Nestor One, 2003,
2005 - 2007. The dashed line represents the theoretical distribution under complete spatial randomness, the dotted lines are the upper and lower
95% critical envelope (CE), and the solid black line is the observed distribution of Kj;(r). Observed distribution above the 95% CE indicated aggregation
whereas those below the 95% CE indicated inhibition. Distances are in meters.

doi:10.1371/journal.pone.0081029.g006
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In a recent study, the probability of nest survival in cackling
geese was positively associated with a nest being located within a
Ross’s goose colony but negatively associated with the number of
Ross’s goose nests within 30 m [17]. Our first- and second-order
analysis of successful Canada goose nests relative to lesser snow
goose nests at Broad River identified aggregation at both scales.
The difference in results between these studies may be the result of
considerably lower lesser snow goose nest densities in our analysis,
than that of Ross’s goose nests in Baldwin et al. [17], thus limiting
the number of lesser snow goose nests within short distances of
Canada goose nests. If the density of nesting lesser snow geese
continues to increase at Broad River, to nest density levels of
Ross’s geese and lesser snow geese observed at other locations
[13,17], the relationship between Canada goose nest fate and
nearest-neighboring lesser snow goose nest may shift from positive
and aggregation to negative and inhibition. A range-wide analysis
of spatial patterns of nesting Canada geese and lesser snow geese in
this region identified that, similar to this study, there was
correlation between Canada goose and lesser snow goose nest
densities [18]. However, once lesser snow goose nest density was
above 40 nests per km? there was a negative association between
Canada goose nest density and lesser snow goose nest density. In
our study, the highest observed density of lesser snow geese was 26
nests per km?” at Broad River in 2006. The range-wide study [18]
would have predicted strong aggregation of Canada goose nests
and lesser snow goose nests at the densities observed in our study.

Lesser snow geese nested in aggregations at both Nestor One
and Broad River, and significant aggregation of lesser snow goose
nests occurred across all densities of nests we evaluated.
Furthermore, we identified different trends in lesser snow goose
nest abundance between Nestor One and Broad River. At Nestor
One, lesser snow goose nest density increased dramatically in the
early 2000s but steadily declined in recent years. Factors limiting
the expansion of the lesser snow goose nest aggregations at Nestor
One are not known; however, the importance of adequate coastal
salt marsh vegetation for lesser snow geese has been well
documented [36]. Recent declines in lesser snow goose nest
density at La Perouse Bay, ~20 km west of Nestor One, coincided
with the loss of salt marsh vegetation [11,13]. At Nestor One, the
majority of salt marsh habitat has been altered by brood-rearing
lesser snow geese that travel from La Pérouse Bay, suggesting that
this area may be unable to support high densities of nesting lesser
snow geese. Conversely, the density of lesser snow goose nests at
Broad River, which was much greater than at Nestor One during
our study but substantially less than observed elsewhere in the

References

1. Johnson DH (1980) The comparison of usage and availability measurements for
evaluating resource preference. Ecology 61:65-71.

2. Wiens JA (1989) The ecology of bird communities, vol. 1: foundations and
patterns. Cambridge University Press: Cambridge.

3. Lack D (1968) Ecological adaptation for breeding in birds. Chapman and Hall:
London.

4. Burger J (1984) Grebes nesting in gull colonies: Protective associations and early
warning. Am Nat 123:327-337?

5. Brown CR, Bomberger Brown MB (1996) Coloniality in cliff swallows: the effect
of group size on social behavior. Chicago: University of Chicago Press.

6. Clark RG, Shutler D (1999) Avian habitat selection: pattern from process in
nest-site use by ducks? Ecology 80:272-287.

7. Richardson DS, Bolen GM (1999) A nesting association between semi-colonial
Bullock’s orioles and yellow-billed magpies: Evidence for the predator protection
hypothesis. Behav Ecol Sociobiol 46:373-380.

8. Martin TE (1993) Nest predation and nest sites: new perspectives on old
patterns. Bioscience 43:523-532.

9. Walter SE (1999) Nesting ecology of Eastern Prairie Population Canada geese,
Ph.D. dissertation. Madison: University of Wisconsin.

10. Reiter ME (2009) Sympatric nesting Eastern Prairie Population Canada geese
and lesser snow geese on the Hudson Bay Lowlands: nest survival and spatial
distribution, Ph.D. dissertation. Saint Paul: University of Minnesota.

PLOS ONE | www.plosone.org

Spatial Interactions among Subarctic-Nesting Geese

Arctic [37-39], has grown substantially since 1995 when few lesser
snow goose nests were located in ground-based searches [9,10].
Churrently, the status of coastal salt marshes near Broad River is
not well known, limiting comparisons of possible mechanisms
causing the differential lesser snow goose nest density trends
observed between our study areas.

Increases in the number of lesser snow geese along western
Hudson Bay have had “catastrophic” impacts on coastal tundra
vegetation [11]. However, less attention has been dedicated to
their potential impacts on other vertebrate species. Analyses of
spatial point patterns provided a rigorous framework to test
hypotheses regarding spatial patterns of nesting Canada geese and
lesser snow geese, and processes influencing these patterns. Our
results suggested the probability of Canada goose nest failure was
influenced by the size and distribution of lesser snow goose nest
aggregations. Spatial variation in probability of nest failure was
related to the overall density of lesser snow goose nests and thus
may also vary with time. Whether this variation will ultimately
influence the evolution of nesting strategies in Canada geese (i.e.,
dispersed vs. aggregated) was unclear, despite evidence from
Broad River that Canada geese and lesser snow geese may nest
successfully in the same dense aggregations. Overall, density-
dependent trends in the relative spatial distribution of these two
tundra-nesting species and Canada goose nest fate provide critical
mnsights into the long-term implication of lesser snow goose
population expansions on Canada geese.

Acknowledgments

We thank the Eastern Prairie Population Committee of the Technical
Section of the Mississippi Flyway Council, Manitoba Conservation,
Minnesota Department of Natural Resources, Iowa Department of Natural
Resources, Missouri Department of Conservation, Arkansas Game and
Fish Commission, the U.S. Fish and Wildlife Service, the Canadian
Wildlife Service, and Parks Canada (particularly the staff of Wapusk
National Park), for their support throughout this work. We thank B.
Reichert, T. Pearson, C. Henneman, and B. Nack, in addition to the many
volunteers who assisted in field data collections over many years at Nestor
One. We thank D. Johnson, T. Arnold, J. Lawrence, J. Faaborg, and an
anonymous reviewer for comments on earlier drafts of this manuscript.

Author Contributions

Conceived and designed the experiments: MER DEA. Performed the
experiments: MER. Analyzed the data: MER. Contributed reagents/
materials/analysis tools: MER DEA. Wrote the paper: MER DEA.

11. Jefferies RL, Jano AP, Abraham KF (2006) A biotic agent promotes large-scale
change in coastal marshes of Hudson Bay. J Ecol 94:234-242.

12, Humburg DD, Caswell FD, Rusch DH, Gillespie MM, Telander P (2000) Status
and trends of the Eastern Prairie Population of Canada geese. In: Dickson K,
editor. Towards conservation of the diversity of Canada geese (Branta canadensis).
Ottawa: Canadian Wildlife Service Occasional Paper 103. pp. 123-135.

13. Cooke F, Rockwell RF, Lank DB (1995) The snow geese of La Pérouse Bay:
natural selection in the wild. London: Oxford University Press.

14. Mowbray TB, Cooke F, Ganter B (2000) Snow goose (Chen caerulescens). In: Poole
A, Gill F, editors. The Birds of North America, No. 514. Philadelphia: The Birds
of North America, Inc.

15. Mowbray TB, Ely CR, Sedinger JS, Trost RE (2002) Canada goose (Branta
canadensis) In: Poole A, Gill F, editors. The Birds of North America, No. 682.
Philadelphia: The Birds of North America, Inc.

16. Gleason JS, Abraham KF, Ankney CD, Leafloor JO (2004) Variation in
reproductive performance of Canada geese in the presence and absence of
lesser-snow geese. In: Moser TJ, Lien RD, VerCauteren KC, Abraham KF,
Andersen DE, Bruggink JG, Colucey JM, Graber DA, Leafloor JO, Luukkonen
DR, Trost RE, editors. Proceedings of the 2003 international Canada goose
symposium. Madison: University of Wisconsin. pp.75-83.

December 2013 | Volume 8 | Issue 12 | 81029



22.

23.

24.

26.

27.

28.

. Baldwin FB, Alisauskas RT, Leafloor JO (2011) Nest survival and density of

Cackling geese (Branta hutchinsiz) inside and outside a Ross’s goose (Chen rossii)

colony. Auk 128:404-414.

. Reiter ME, Andersen DE, Raedeke AH, Humburg DD (2013) Species

associations and habitat influence range-wide distribution of breeding Canada
geese (Branta canadensis interior) on western Hudson Bay. Waterbirds 36:20-33.

. Andersen M (1992) Spatial analysis of two-species interactions. Oecologia

91:134-140.

. Diggle PJ (2003) Statistical analysis of spatial point patterns, 2"® ed. London:

Academic Press.

. Bayard TS, Elphick CS (2010) Using spatial point-pattern assessment to

understand the social and environmental mechanisms that drive avian habitat
selection. Auk 127:485-494.

Haase P (1995) Spatial pattern analysis in ecology based on Ripley’s K-function:
introduction and methods of edge correction. J Veg Sci 6:575-582.

Baddeley A, Turner R (2005) SPATSTAT: an R package for analyzing spatial
point patterns. J Stat Soft 12:1-42.

Malecki RA, Caswell FD, Babcock KM, Bishop RA, Brace RK. (1980) Major
nesting range of the Eastern Prairie Population of Canada geese. J Wildl Manage
44:229-232.

. Westerkov K (1950) Methods for determining the age of game bird eggs. J Wildl

Manage 14:56-57.

Weller MW (1956) A simple field candler for waterfowl eggs. J] Wildl Manage
20:111-113.

Reiter ME, Andersen DE (2008) Comparison of egg flotation and egg candling
techniques for estimating incubation day of Canada goose nests. J Field Ornithol
79:429-437.

Brook RK (2001) Structure and dynamics of the vegetation in Wapusk National
Park and the Cape Churchill wildlife management area of Manitoba:

PLOS ONE | www.plosone.org

10

29.

30.

31

36.

37.

38.

39.

Spatial Interactions among Subarctic-Nesting Geese

community and landscape scales, M.S. Thesis. Winnipeg: University of
Manitoba.

Clark PJ, Evans FC (1954) Distance to nearest neighbor as a measure of spatial
relationships in populations. Ecology 35:445-453.

Liu C (2001) A comparison of five distance-based methods for spatial pattern
analysis. ] Veg Sci 12:411-416.

Ripley BD (1976) The second-order analysis of stationary processes. J] Appl Prob
13:255-266.

. Walter SE, Rusch DH (1997) Visibility bias on counts of nesting Canada geese. J

Wildl Manage 61:768-772.

. Tilman D, Lehman CL (1997) Habitat destruction and species extinctions. In:

Tilman D, Kareiva P, editors. Spatial ecology: the role of space in population
dynamics and interspecific interactions. Princeton: Princeton University Press.

pp- 233-249.

. Findlay CS, Cooke F (1982) Synchrony in the lesser snow goose (Anser caerulescens

caerulescens) 11: The adaptive value of reproductive synchrony. Evolution 36:786—

799.

. Raveling DG (1989) Nest-predation rates in relation to colony size of black

brant. J] Wildl Manage 53:837-90.

Gadallah FL, Jefferies RL (1995) Forage quality in brood rearing areas of the
lesser snow goose and the growth of captive goslings. J Appl Ecol 32:276-287.
Didiuk AB, Alisauskas RT, Rockwell RF (2001) Interactions with arctic and
subarctic habitats. In: Moser T]J, editor. The status of Ross’s geese. Washington,
D.C: U.S. Fish and Wildlife Service, Ottawa: Canadian Wildlife Service. pp. 19—
32.

Lepage D, Gauthier G, Reed A (1996) Breeding-site infidelity in greater snow
geese: a consequence of constraints on laying date? Can J Zool 74:1866-1875.
Samelius G, Alisauskas RT, Hobson KA, Lariviéere S (2007) Prolonging the
arctic pulse: long-term exploitation of cached eggs by arctic foxes when
lemmings are scarce. J Anim Ecol 76:873-880.

December 2013 | Volume 8 | Issue 12 | 81029



