
Effects of sampling scale on American black bear spatial genetic
structure

Hope M. Draheim1,5, Veronica Lopez2, Dwayne Etter3, Scott R. Winterstein4, and Kim T. Scribner1,4

1Eagle Fish Genetics Lab, Idaho Department of Fish and Game, 1800 Trout Road, Eagle, ID 83616, USA
2Allegheny National Forest, Marienville Ranger District, 131 Smokey Lane, Marienville, PA 16239, USA

3Michigan Department of Natural Resources, Wildlife Division, 8562 E Stoll Road, East Lansing, MI 48823, USA
4Department of Fisheries and Wildlife, Michigan State University, East Lansing, MI 48824, USA

Abstract: Sampling bias can lead to erroneous interpretations of spatial genetic structure that can
subsequently impact conservation efforts and management decisions. Genetic sampling of rare
and elusive species can be challenging and, by necessity, samples are often collected
opportunistically from multiple sources that could differ in spatial dispersion and timing of
collection. Here we quantified the effects of timing of sample collection and sampling methods on
spatial and temporal variability in sample dispersion and measures of American black bear
(Ursus americanus) local spatial genetic structure. Hair (N 5 890) and tissue (N 5 1,017) samples
were collected from Michigan’s Northern Lower Peninsula (USA) during the summer using non-
invasive (hair snares) and autumn harvest methods during 2003, 2005, and 2009. Point pattern
analyses of sample dispersion revealed that sample density did not differ significantly between
seasons or among years. Measures of spatial genetic structure (i.e., spatial autocorrelation)
revealed significant positive genetic spatial structuring at distances of 0–10 km when samples were
analyzed separately by year, season, and when temporally distinct samples were grouped. Local
genetic spatial autocorrelation analyses revealed spatial genetic patterns over the entire study area
were consistent across seasons and years. Spatial genetic structure is indicative of the extent of
dispersal and gene flow, which is crucial for developing management plans for harvested species.
Collectively, our data show that non-invasive and harvest collection methods similarly capture
spatial genetic heterogeneity at the scale and spatial extent appropriate for management.
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Quantifying the degree of connectivity for natural
populations is a priority in population conservation
and management (Beier and Noss 1998, Bunn et al.
2000, Rabinowitz and Zeller 2010). Genetic sampling
of rare and/or elusive species can be challenging and,
by necessity, samples are often collected opportunisti-
cally from a variety of sources that could differ in tim-
ing, effort, and methodology. To obtain adequate
sample numbers, spatial dispersion, and spatial
extent, samples may be collected over multiple sea-
sons and/or years (De Barba et al. 2010). For exam-
ple, samples of many fur-bearing species may be
collected during direct research efforts and opportu-
nistically from harvests (Schwartz et al. 2003, Proctor
et al. 2005, Dreher et al. 2007, Williams et al. 2009).

Pooling samples collected during different times
assumes temporal stability in genetic structure and
that distributions of individuals do not vary (Garant
et al. 2000). However, this assumption is frequently
violated because distributions of individuals typically
vary by season (Noyce and Garshelis 2011). Seasonal
and inter-annual variation in habitat occupancy may
increase the “noise” and mask signatures of spatial
genetic structure, thus calling into question character-
izations of spatial genetic patterns. Measures of
fine-scale spatial genetic structure can be affected if
individuals are outside normal home ranges and
breeding areas at the time of collection. For example,
Latch and Rhodes (2006) found significant genetic
structuring among localized winter flocks of wild tur-
keys (Meleagris gallopavo) when family groups are
spatially aggregated, yet found no evidence for5email: hdraheim@gmail.com

143



genetic structure among samples collected in the
spring when males move widely while searching for
mates. Individuals may be spatially clustered during
a particular time of the year. For example, during
the summer several migratory winter elk (Cervus ela-
phus) herds overlap in Yellowstone National Park,
USA, to exploit higher quality food resources. In con-
trast, geographic overlap is significantly smaller dur-
ing breeding seasons (White et al. 2010).

Genetic sampling of American black bear (here-
after, “black bear” [Ursus americanus]) in Michigan’s
Northern Lower Peninsula (NLP), USA, has been
implemented using 2 collection methods: (1) field col-
lection of hair during the summer, and (2) tissue col-
lected from the autumn harvest. If black bears in the
NLP occupy different habitats seasonally (e.g., to
select areas of high food resources), intra-annual var-
iation has potential implications for the interpretation
of spatial genetic structure. Our objective was to eval-
uate the effects of timing and heterogeneity in collec-
tion methodology on our ability to draw inferences
about the extent of connectivity. Spatial and temporal
variation of sample collection methodologies pro-
vided an opportunity to evaluate the influence of tim-
ing and collection method on sample dispersion and
black bear spatial genetic structure.

Study area
The study area located in the NLP encompasses

approximately 47,739 km2 (Fig. 1) and contains 3
Bear Management Units (BMUs; Red Oak, Bald-
win, and Gladwin). Approximately 27% of the lands
are in public ownership (i.e., state forest and
national forest lands), with the majority of public
lands located in the northeastern and west-central
portions of the NLP. The NLP bear population is
isolated, with the borders of Lake Michigan to the
west and north, Lake Huron to the east and north,
and intensive human development and agriculture
to the south. Annual population size estimates of
NLP black bears over the past decade are stable
and have ranged from 1,500 to 1,900 individuals
(Dreher et al. 2007, Etter and Mayhew 2008). The
NLP is a fragmented mosaic composed of different
land-cover and land-use types, including develop-
ment, agriculture, upland non-forested openings,
northern hardwood and mixed hardwood, oak
(Quercus spp.), aspen (Populus spp.), pine (Pinus
spp.), forested wetland, non-forested wetland, and
open water (Carter et al. 2010).

Methods
Sampling

We conducted sampling during the summer and
autumn of 2003, 2005, and 2009. We collected 1,907
total samples using 2 methods. We obtained tissue
(teeth: N 5 1,017; 2003 N 5 410; 2005 N 5 248;
2009 N 5 359) samples from bears brought into hun-
ter check-stations during September and October.
Registration of all harvested bears is mandatory in
Michigan and teeth are collected from.95% of bears
registered annually (D. Etter, personal communica-
tion). TheMichiganDepartment of Natural Resources
(MDNR) issues bear licenses within each BMU
annually and the number in each BMU was similar
among years. In addition, sample location within
a BMU was influenced by hunter behavior (e.g.,
establishment of bait location where hunters believe
they were most likely to successfully harvest a bear)
and site accessibility (Frawley 2001, 2009). Loca-
tions of tissue samples were recorded in township,
range, section (e.g., 2.59 km2). Coordinates of har-
vest locations were georeferenced using the section
centroid and converted into Universal Transverse
Mercator coordinates.

We collected hair samples (N 5 890) using hair
snares (2003 N 5 302; 2005 N 5 299; 2009 N 5 289)
during the summer (late May–early Jul) using the pro-
tocol outlined in Dreher et al. (2007). Two strands of
barbed wire encircled a baited location at uniform
strand heights of 20 cm and 50 cm. We collected hair
samples from each barb on the top strand (strand at
50 cm). Hair snagged on the 20-cm strand was not col-
lected to minimize the probability of sampling cubs.
The location of the snares was similar among years
based on criteria established by Dreher et al. (2007).
Dreher et al. (2007) found that 403 of 414 harvested
bears in 2003 were within a radius of one female
bear home-range of a hair snare and the remainder
were within a radius of 2 female home-ranges. Hair
samples were georeferenced to Universal Transverse
Mercator coordinates using a Global Positioning
System.

Individual identification and quality control
We extracted DNA from bear hair and teeth (i.e.,

epithelial cells or blood cells from around the teeth)
using Qiagen DNEasy Tissue Kits following manu-
facturer protocols (Qiagen Inc., Valencia, California,
USA). We anticipated low qualities of DNA from
hair samples; thus, we did not quantify DNA concen-
trations from hair. However, DNA obtained from
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teeth was quantified using a Nanodrop spectropho‐
tometer (Thermo Scientific, Waltham, Massachusetts,
USA) and diluted to a 20-ng/mL working concentra‐
tion. Multi-locus genotypes were amplified using
polymerase chain reaction for 5 polymorphic micro‐
satellite loci—G10X, G10L, G10D (Paetkau et al.
1995), UarMU59, and UarMU50 (Taberlet et al.
1997)—usingmethods described inDreher et al. (2007).
We acknowledge the potential limitation of using 5
loci to characterize spatial genetic structure. Larger
numbers of microsatellite loci increase statistical power
(Epperson 2004). However, relatedness measures
developed by Smouse and Paekall (1999) that consti-
tute the measure of spatial genetic structure we used
are based on the squared difference in counts of allele
that are shared between 2 individuals (e.g., for dij)

dij
25

1
2

Xk

k51

yik � yjk
� �2

where dij is the squared difference in allele sharing
between individuals i and j for a single locus, k 5
number of alleles, and yi 5 frequency of allele k.
What is critically important is that measures of relat-
edness, spatial non-independence in genetic data, and
degree of uncertainty in these measures are not based
on the number of loci but the number of alleles (k in
the eq. above; Epperson 2005), which is large for 5
microsatellites used. Further, as suggested by Dreher
et al. (2007), we weighted the efficacy of using more
loci to reduce the probability of shadow effects (2 dif-
ferent individuals possessing the same multi-locus
genotype; Mills et al. 2000) against potential genotyp-
ing error due to low DNA quantity and quality result-
ing in inadequate quality-control measures. Hair
samples were previously genotyped for capture–
recapture population estimate assessments, including
quality control measures (Dreher et al. 2007, Etter
and Mayhew 2008). Adding additional loci was not
possible because many DNA samples collected from
hairs in past years had very small quantities of
DNA remaining.

We used quality-control protocols developed by
Paetkau (2003) to assess and minimize genotyping
errors. We initially genotyped all samples for all 5
loci and eliminated genotypes that could not be

Fig. 1. Study area in the Northern Lower Peninsula
of Michigan, USA, showing the location of summer
hair (open circles) and autumn tissue (filled circles)
sample collections for individualAmericanblackbears

r
sampled during (a) 2003, (b) 2005, and (c) 2009
following removal of duplicate individuals based on
multi-locus genotypes.
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confidently scored by 2 experienced lab personnel. To
minimize genotyping error and ensure that summer
hair samples represented unique individuals and not
recaptures, we identified duplicate genotypes for all
hair and tissue samples within a year using Program
GENECAP (Wilberg and Dreher 2004). Genotyping
errors were identified and corrected by reexamining
all genotypes that differed by 1 or 2 loci. Homozy-
gotes were also genotyped a second time. To ensure
that each sample represented one individual, we
assumed duplicate genotypes from hair samples to
be replicate samples and did not use them for further
analysis. To assess genotyping error, we randomly
selected approximately 10% of all samples (N 5 196)
within each year and season and we genotyped a sec-
ond time for all loci yielding a genotyping error rate
of ,2.8%. In addition, we compared genotypes of
hair pulled from harvested individuals with a tissue
sample of the same bear using methods described in
Dreher et al. (2007). Following the quality control
measures, the per locus error rate was #1.1% and
the overall individual misidentification rate was
#4.21%.

Point pattern analysis of samples
Kernel density estimation is widely used to model

sample distribution patterns. We used an adaptive
kernel estimator allowing for a varying bandwidth
to reduce the variance of areas of low sample size
and reduce the bias of areas of high sample size
(Silverman 1986). Kernel estimation was weighted
to account for sampling effort. We visually compared
the spatial distribution and density of individual
samples for each sampling period. All maps were pro-
duced in spatstat package in R 2.13 (R Development
Core Team 2011).

To compare the differences between sampling point
patterns from different seasons, collection methods,
and years, we calculated differences between sample
K-functions. Ripley’s K-function is a measure of clus-
tering or dispersion of observations based on the dis-
tance between all pairs of observations, and is used
to examine spatial patterns for a range of distances
(Dixon 2002). We analyzed differences in mapped
spatial distributions between data sets by comparing
K-functions for a homogeneous Poisson process using
a complete spatial randomness model for seasons
within a year and between years for summer, autumn,
and a pooled summer–autumn sample group. We cal-
culated Ripley’s K-function separately for summer
and autumn sample data sets for 2003, 2005, and

2009 for distances up to 100 km for each sample
data set. Differences between estimates (e.g., Ksummer

− Kautumn, K2003 − K2005, K2003 − K2009, and K2005

− K2009) were calculated for sampling group compar-
isons at all distances. We performed permutations (n
5 999) to generate 95% upper and lower confidence
intervals to test for significant differences in spatial
configurations of samples by comparing the observed
difference in K-functions between 2 sample groups
and the difference inK-functions of 2 randomly drawn
data sets (Rowlingson and Diggle 1993). All analyses
were performed using splancs package in R 2.13 (R
Development Core Team 2011).

Genetic diversity, Hardy–Weinberg, linkage
disequilibrium

We used Program MICRO-CHECKER (Van Oos-
terhout et al. 2004) to test for presence of null alleles
and allelic dropout. We tested for deviations from
Hardy–Weinberg using Program GENEPOP (Ver-
sion 3.1d; Raymond and Rousset 1995), and used
sequential Bonferroni tests to correct for multiple
tests (Rice 1989). We used Bonferroni corrections to
test for linkage disequilibrium in Program FSTAT
2.93 (Goudet 1995, 2001). We quantified microsatel-
lite genetic diversity in each sampling group using
mean number of alleles (A), observed heterozygosity
(HO), and expected heterozygosity (HE) over all loci,
and calculated the pairwise relatedness coefficient
between individuals (rij, following Queller and Good-
night 1989), probability of identity (PID), and prob-
ability of identity for siblings (PSIB) over all loci
using Program GenAlEx v. 6.0 (Peakall and Smouse
2006). Differences in number of alleles, expected het-
erozygosities, and probability of identity (PID) and
probability of among siblings (PSIB) between sam-
pling locations were assessed using a Friedman test,
which uses loci as the blocking factors, accounting
for inter-locus variation (Zar 1996).

Spatial genetic analysis
We assessed spatial genetic structure using a global

genetic spatial autocorrelation coefficient (r) calcu-
lated using Program GenAlEx (Peakall and Smouse
2006). Coefficient r (range5 −1 to +1) was calculated
by comparing pairwise geographic and genetic dis-
tance estimates with a null hypothesis of r 5 0 when
no correlation exists between geographic and genetic
distance. Measures of spatial autocorrelation can be
influenced by sample number (Epperson et al. 1999).
Thus, we also implemented a bootstrap resampling
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procedure to account for discrepancies in sample size
between sample groups. We created 100 simulated
populations of 167, 121, and 132 individuals corre-
sponding to the number of individuals in the summer
sample for 2003, 2005, and 2009, respectively, using a
random resampling approach in Program POP-
TOOLS (Hood 2010). We then computed r using
the multi-locus genotypes of all 100 simulated data
sets and averaged it for 10 distance classes spaced at
5-km intervals to ensure an adequate number of sam-
ples per distance class. We determined the signifi-
cance of r via 999 permutations to estimate the
2-tailed 95% confidence intervals around zero, and
used the bootstrap procedure to provide 95% confi-
dence intervals for the autocorrelation estimated for
each distance class.

Global spatial autocorrelation estimates are valu-
able for detecting the presence of spatial genetic struc-
ture and distances over which non-random genetic
relationships exist. However, these autocorrelation
estimates cannot inform researchers of whether spa-
tial patterns are geographically homogeneous or exhi-
bit variation in the relative contribution from
different groups of individuals sampled. Local spatial
autocorrelation (LSA) analysis is a useful alternative
to examine spatial patterns at a fine geographic scale.
Local spatial autocorrelation evaluates subsets of
data using nearest neighbors to identify areas occu-
pied by highly related individuals (Anselin 1995).
We used methods described in Double et al. (2005)
to calculate local autocorrelation coefficient, lr, for
each individual using 3, 5, 7, and 9 nearest neighbors
in Program GenAlEx 6 (Peakall and Smouse 2006).
Each lr estimate was determined by comparing the
estimated value with a null distribution of no spatial
structure, using 999 permutations. To visualize LSA,
we plotted locations of significant groups of related

individuals using bubble graphs and superimposed
the study area on the graphs.

Results
Number of bears and genetic diversity

We identified 1,434 unique genotypes and 473
duplicate samples (hair 5 470, tissue 5 3; Table 1).
Estimates of probability of identity (PID and PSIB)
were similar across all sampling groups (PID ranges
5 2.4 6 10−6 to 6.4 6 10−6, PSIB ranges 5 1.1 6
10−2 to 9.4 6 10−3, respectively; Friedman Test:
P 5 0.90, P 5 0.80, respectively; Table 1). We found
no presence of null alleles or allelic dropout, and no
loci were found to deviate significantly from Hardy–
Weinberg or linkage equilibrium. Expected hetero-
zygosity (range5 0.74–0.77; Table 1) and mean num-
ber of alleles (range 5 8.0–9.6; Table 1) were not
significantly different among sampling groups (Fried-
man Test, P 5 0.58, P 5 0.79, respectively; Table 1).

Point patterns analysis
Kernel density plots for each sampling group (sum-

mer and autumn samples for 2003, 2005, and 2009)
indicated that areas of highest and lowest sampling
density were consistent among sampling periods
(Fig. 2). Kernel density plots revealed 2 major find-
ings. First, there was a region of high sample density
in the east-central portion of the study area, which
was observed for all seasons and years. Second, there
was a region of moderately high sample density
observed in the south-central portion of the study
area for most sample groups.

Differences in spatial distribution of sampling pat-
terns among years revealed spatial distributions were
not significantly different (Fig. 3). The plots of all
K2003 − K2005, K2003 − K2009, and K2005 − K2009, did

Table 1. Sample size (N), number of resampled individuals (NRES) removed, number of unique individuals
(NUNIQ), probability of identity (PID), probability of identity for siblings (PSIB), mean number of alleles (Na),
mean observed (HO) and expected heterozygosity (HE) over all loci, and mean relatedness (rxy) for each sample
period for the Northern Lower Peninsula, Michigan (USA) American black bear population, during 2003, 2005,
and 2009.

Year Sample type N NRES NUNIQ PID PSIB Na HO HE rxy ¡ SD

2003
Hair 302 135 167 2.4 6 10−6 8.4 6 10−3 9.60 0.76 0.77 −0.008 ¡ 0.24
Tissue 410 3 407 3.0 6 10−6 9.0 6 10−3 8.20 0.74 0.76 −0.002 ¡ 0.25

2005
Hair 299 178 121 3.8 6 10−6 8.9 6 10−3 8.20 0.76 0.76 −0.008 ¡ 0.26
Tissue 248 0 248 4.3 6 10−6 9.4 6 10−3 8.20 0.74 0.76 −0.004 ¡ 0.24

2009
Hair 289 157 132 6.4 6 10−6 1.1 6 10−2 8.00 0.70 0.74 −0.008 ¡ 0.27
Tissue 359 0 359 3.4 6 10−6 9.0 6 10−3 9.00 0.74 0.76 −0.003 ¡ 0.24
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Fig. 2. Adaptive kernel density plots showing American black bear sample density within the Northern Lower
Peninsula of Michigan, USA, for the summer and autumn of 2003, 2005, and 2009 following removal of duplicate
individuals based on multi-locus genotypes. Light shades are areas of high sample density and dark shades are
areas of low sample density.
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not fall outside the 95% confidence interval for most
distances, suggesting the dispersion of samples among
years was similar (not independent). However, 2003
summer samples show greater clustering at larger
distances when compared with 2009. Plots of Ksummer

− Kautumn for all years was .0 at short distances
(2003 5 10 km, 2005 5 20 km, 2009 5 15 km), indi-
cating that summer samples were significantly more
clustered up to approximately 20 km. Also, 2005
summer samples generally showed lack of clustering
at larger distances.

Spatial genetic structure
Global spatial autocorrelation analysis indicated a

pattern of isolation by distance. However, analyses
using complete genotype data sets (i.e., before bootstrap

resampling procedure) revealed larger standard
errors for the summer samples, indicating that sam-
ple size could affect significance at larger distance
classes (Fig. 4a). In contrast, after accounting for
unequal sample size, significant positive genetic
autocorrelation was observed for individuals
sampled at inter-individual distances of 0–10 km
for all sample groups (Fig. 4b). In general, after
bootstrap resampling to account for unequal sam-
ples sizes, slightly higher positive correlation values
were observed for the summer samples in all years
when compared with the autumn samples and
pooled samples from the summer and autumn.
Values from pooling summer and autumn samples
resulted in intermediate estimates of spatial autocor-
relation relative to the estimate from a single

Fig. 3. Results of K-function analysis characterizing differences in spatial patterns among American black
bear sample collections made during different seasons (summer and autumn) and different years (2003, 2005,
and 2009) in the Northern Lower Peninsula of Michigan, USA. Solid black lines are the observed differences
between K-function estimates at a given distance, and the dashed gray lines indicate the 95% confidence
intervals.
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Fig. 4. Global spatial autocorrelation of summer (squares), autumn (triangles), and combined summer–
autumn (circles) American black bear samples collected in the Northern Lower Peninsula of Michigan, USA, for
2003, 2005, and 2009 full (a, left panel) and bootstrapped (b, right panel) data sets. Correlograms (solid lines)
with standard errors. The 95% confidence intervals (dashed lines) about the null hypothesis of no spatial
structure were estimated by permutations based on distance classes of 5 km.
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sampling period, indicating that one data set did not
disproportionately influence the pooled estimate.

Three areas (the north, east-central, and southwest
central portion of the research area) of high local
autocorrelation were consistently observed in sum-
mer and autumn in samples from 2003, 2005, and
2009, using 5 nearest neighbors (P , 0.05; Fig. 5).
The consistency of the pattern was confirmed with
similar numbers and distribution of positive autocor-
relation values found using 3, 7, and 9 nearest neigh-
bors (Fig. S1).

Discussion
Spatial distributions of individual black bears

sampled during the summer and autumn were similar,
and analogous local spatial genetic structure exists
between seasons and among years in Michigan’s
NLP. Sample distribution was concordant across sea-
sons, years, and collection methods. Kernel density
plots show areas of high sampling density to be con-
sistent among sampling groups (Fig. 2). Landscape
in Michigan’s NLP is highly fragmented and black
bears inhabit large contiguous tracts of forested land
(Manville 1987). Areas of high sample density were
located in Montmorency, Oscoda, Alpena, and
Alcona counties on private land and forested public
lands (Ausable, Pere Marquette, Mackinaw State
Forest, and Huron National Forest lands). Tests for
differences in Ripley’s K-function revealed summer
samples were more clustered at short distances (,20
km), which was likely a result of multiple individuals
being sampled at the same hair snare, thereby inflat-
ing the degree of clustering. In contrast, greater varia-
tion in distances among autumn samples was
expected because .1 bear will not generally be har-
vested in the same location. Estimated bear density
in the NLP was ,0.24 bear/km2 in any year sampled
(D. Etter, unpublished data).

The timing and method of sampling in different
seasons and years did not appear to greatly influence
patterns of spatial genetic structure. We observed the
same overall pattern of significant positive spatial
genetic correlation for distances up to 10 km in all
sampling periods. Positive spatial autocorrelation is
expected to accrue because of restricted dispersal,
and beyond these distance classes individuals are no
more related than expected by chance (Epperson
2005). Positive spatial genetic autocorrelation over
short distances is likely attributable to female natal
philopatry commonly exhibited in black bears—

where female offspring establish home ranges adja-
cent to the mothers, whereas male offspring disperse
from the natal area (Rogers 1977, 1987; Schwartz
and Franzmann 1992; Costello 2010). The isolation-
by-distance pattern is consistent with those reported
in bears and other wide-ranging carnivores (Paetkau
et al. 1997, Rueness et al. 2003b, Brown et al. 2009).
However, the degree of spatial structuring may be
dependent on density. For example, Roy et al.
(2012) found that, at higher densities, males exhibited
reduced dispersal and spatial autocorrelation in
females could only be detected at very small spatial
scales.

Radiotracking studies have demonstrated adult
male bears are more active during the summer breed-
ing season while seeking out prospective mates
(Amstrup and Beecham 1976, Garshelis and Pelton
1981). In addition, subadult males move large dis-
tances to find and establish new home ranges away
from natal territories (Lee and Vaughan 2003). These
bear movement patterns suggest that genetic structure
should be comparatively weaker during the summer
than the autumn, which is inconsistent with our
results. We observed slightly higher spatial genetic
autocorrelation during summer in the shortest dis-
tance class relative to autumn and pooled samples.
Greater spatial autocorrelation during the summer
could be attributed to capturing related individuals
(females with yearlings) at the same hair snag,
thereby inflating autocorrelation. However, the pro-
portion of individuals that could be related as par-
ent–offspring (rij $ 0.5) was similar among hair and
tissue samples within the first distance class
(hair: range 5 0.07–0.08; tissue: range 5 0.06–0.08;
Table 1). Lower autocorrelation values during the
autumn may be attributable to misreporting of har-
vest locations by hunters. However, this is unlikely
because of our large sample sizes for all tissue samples
(N 5 248–407) and after performing bootstrap ana-
lyses (N 5 121–177). We see the same spatial genetic
pattern for either data set (Fig. 4). Alternatively, a
possible explanation for the lower autocorrelation
values observed during the autumn involves sampling
individuals during seasonal movements associated
with food resources, which has been previously
observed in black bears (Noyce and Garshelis 2011).

Our ability to precisely measure fine-scale spatial
genetic structure may be affected by low statistical
power (Kelly et al. 2010). However, studies examin-
ing the effects of sample size on spatial genetic struc-
ture suggest the product of K (total no. of alleles) and
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Fig. 5. Two-dimensional local spatial autocorrelation analysis of American black bear microsatellite data
collected in the Northern Lower Peninsula of Michigan, USA, during 2003, 2005, and 2009 using 5 nearest
neighbors (see Supplemental material [Fig. 1] for results of comparable analyses using 3, 7, and 9 nearest
neighbors). Circles represent individuals with positive significant local spatial autocorrelation (lr). Size of the
circles indicates the strength of the autocorrelation coefficient.
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n (sample size) should be .2,000 to obtain sufficient
statistical power (Epperson 2005). The total number
of alleles in our analysis was K 5 50. Therefore, the
product Kn 5 6,050 for a simulated population of n
5 121 (smallest sample size employed in our analysis)
indicated our multi-locus data set is adequate to
detect and compare annual and seasonal patterns in
local spatial genetic structure in Michigan black
bears. Indeed, our spatial autocorrelation results are
consistent with previous studies that performed
similar analyses using 12 microsatellite loci (tissue
samples only), which indicated significant fine-scale
spatial genetic structure in NLP black bears (Dra-
heim 2015).

Local genetic spatial autocorrelation analyses re‐
vealed that spatial genetic structure is geographically
localized and consistent across seasons and years.
Plots superimposed over the study area revealed
3 areas characterized by a larger number of clusters
of genetically similar individuals. The 3 clusters were
consistently identified when different numbers of
K-nearest neighbors were used (Fig. S1). Essentially,
the entire NLP is accessible by motorized vehicles
and bear density is cited as the primary reason hunters
choose a harvest site (Frawley 2001, 2009). Thus, if we
assume sampling density is a surrogate of black bear
density (Moore et al. 2014), sampling areas with
high genetic relatedness occur in the areas of high
black bear density (Figs. 2 and 5). Spatial heterogene-
ity in degree of spatial genetic clustering of related
individuals likely reflects source lineages and sink
habitats where immigration reduces individual relat-
edness in sink environments (Dias 1996).

Local spatial genetic structure suggests restricted
dispersal in NLP black bears; however, limited statis-
tical power precluded further exploration of spatial
genetic structure using individual-based approaches
(e.g., clustering assignment; Pritchard et al. 2000,
Guillot et al. 2005). Even if additional loci were
added, our previous work (e.g., Draheim 2015) has
demonstrated that the NLP black bear exhibits an
isolation-by-distance pattern of spatial genetic struc-
ture across the entire study area. Previous empirical
and simulation studies (see summary in Guillot et al.
2009) have shown that clustering software commonly
used, such as GENELAND (Guillot et al. 2005), are
routinely unable to identify membership to genetic
clusters that exist over large areas when populations
are under an isolation-by-distance model. Thus,
although we observed spatial and temporal consistency
in the locations of localized genetic clusters of related

individuals (Fig. 5), spatial patterns over large regions
are difficult to characterize regardless of the number
of loci employed. The isolation-by-distance pattern
we observed is common in many continuously distrib-
uted species (Rueness et al. 2003a, Kopatz et al. 2012,
Wasserman et al. 2013). However, an increasing num-
ber of landscape genetic studies have that found land-
scape features can impede or facilitate gene flow
(Beier and Noss 1998, Coulon et al. 2004, Funk et al.
2005, McRae and Beier 2007, Murphy et al. 2010).

Management implications
Few empirical population genetic or landscape

genetic studies have explored the impact of sample
design (Anderson et al. 2010), or specifically how
sampling might affect measures of spatial genetic
structure. Genetic sampling of rare and elusive spe-
cies may preclude sampling at adequate spatial and
temporal scales, and studies often rely on data col-
lected over extended periods of time. Results of this
study show significant positive spatial autocorrela-
tion was concordant across seasons and years, indi-
cating the overall pattern of spatial genetic structure
would be detected regardless of season, year, or collec‐
tion methodology. However, our findings (although
supported in Michigan black bears) should be evalu-
ated empirically for other species, habitats, and
locales. Combining samples from different temporal
scales that capture seasonal movements or overlap-
ping generations could result in temporal instability
in allele frequencies (Ryman 1997). Therefore, conser-
vation management research should conduct analyses
as described here before samples are aggregated
indiscriminately.
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Supplemental material

Fig. S1. Two-dimensional local spatial autocorrelation analysis of black bear microsatellite data obtained
during the summer (hair snags) and autumn (teeth from harvest) during 2003, 2005, and 2009 in the Northern
Lower Peninsula of Michigan, USA, using (a) 3, (b) 7, and (c) 9 nearest neighbors. Circles represent individuals
with positive significant local spatial autocorrelation (lr). Size of the circles indicates the strength of the
autocorrelation coefficient.
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