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Abstract
1. Large-scale pattern-oriented approaches are useful to understand the multi-level
processes that shape the genetic structure of a population. Matching the scales of
patterns and putative processes is both a key to success and a challenge.
2. We have developed a simple statistical approach, based on variogram analysis, that
identifies multiple spatial scales where the population pattern, in this case genetic
structure, have highest expression (i.e. the spatial scales at which the strength of patterning of isolation-by-distance (IBD) residual variance reached maximum) from empirical data and, thus, at which scales it should be studied relative to the underlying
processes. The approach is applicable to any spatially explicit pairwise data, including
genetic, morphological or ecological distance or similarity of individuals, populations
and ecosystems. To exemplify possible applications of this approach, we analysed
microsatellite genotypes of 1,530 brown bears from Sweden and Norway.
3. The variogram approach identified two scales at which population structure was
strongest, thus indicating two different scale-dependent processes: home-rangerelated processes at scales <35 km, and subpopulation division at scales >98 km.
On the basis of this, we performed a scale-explicit analysis of genetic structure
using DResD analysis and compared the results with those obtained by the
Bayesian clustering implemented in structure.
4. We found that the genetic cluster identified in central Scandinavia by Structure is
caused by IBD, with distinct gene flow barriers to the south and north. We discuss
possible applications and research perspectives to further develop the approach.
KEYWORDS

clustercore identification, DResD, gene flow, isolation-by-distance, isolation-by-resistance,
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1 | I NTRO D U C TI O N

underlying processes (Keller, Holderegger, & van Strien, 2013). To
obtain reliable estimates of population processes, the spatial extent

The fit of population genetic models can improve greatly when

to which they occur should be determined. Moreover, the impor-

considering data on the appropriate spatial scale relative to the

tance of multiple mechanisms underlying population genetic patterns are often scale-dependent (Fontanillas, Petit, & Perrin, 2004;
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& Broquet, 2012). As an example, sex bias in dispersal may vary

distances between sampling pairs and IBD as a base model for

with scale; whereas local dispersal may be strongly biased towards

population structure. We compare the results of this spatially and

one sex, long-distance dispersal may be more balanced (Gauffre,

scale-explicit approach with the widely used Bayesian clustering

Petit, Brodier, Bretagnolle, & Cosson, 2009; Heyer, Chaix, Pavard,

program structure (Falush, Stephens, & Pritchard, 2003; Pritchard,

& Austerlitz, 2012; Vangestel, Callens, Vandomme, & Lens, 2013).

Stephens, & Donnelly, 2000). As structure alone is not spatially ex-

Spatially extensive studies are useful to determine these multi-level

plicit, we paired it with another recently published approach by

patterns, which occur locally, regionally and globally. However, usu-

Hindrikson et al. (2013), which evaluates the placement of popu-

ally the geographical scale at which these underlying processes

lation clustering using the posterior probability values (Hindrikson

cause a detectable population genetic structure is not known. This

et al., 2013; Plumer et al., 2016).

makes it difficult to identify or exclude possible mechanisms in most
studies.
Spatial genetic structure is commonly estimated using Bayesian
clustering algorithms, which may overlook multi-level population
patterns if used alone. These programmes have known weak-

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study population

nesses in a population influenced by isolation by distance (IBD),

We utilized the dataset assembled by Schregel, Kopatz, Eiken,

or its variant isolation by resistance, in heterogeneously passable

Swenson, and Hagen, (2017a) (data package URL: https://doi.

landscapes (IBR; Guillot, Leblois, Coulon, & Frantz, 2009; McRae,

org/10.5061/dryad.cf137; Schregel, Kopatz, Eiken, Swenson, &

2006; Meirmans, 2012), which becomes of particular concern

Hagen, 2017b). The original data was compiled during the genetic

when the study area is large and the population is dispersed con-

monitoring of the Norwegian and Swedish brown bear Ursus arctos

tinuously (Pritchard, Wen, & Falush, 2010; Schwartz & McKelvey

population between 2006 and 2013 (details below). This dataset

2008). Another disadvantage of classic population genetic tools is

offers nearly continuous genetic sampling across the Scandinavian

Guillot,

distribution range, from 58 to 70°N and 8 to 31°E, facilitating an

Chen, Durand, Forbes, &

investigation of multi-level genetic patterns. We chose brown bears

François, 2007), it is generally not possible to identify the geograph-

in Scandinavia as the model system, because they display geograph-

ical scale at which genetic patterns arise and therefore these tools

ically coherent genetic clusters, with no obvious dispersal barriers

generally do not allow separate considerations according to scale.

present in the landscape (Manel, Bellemain, Swenson, & Francois,

The problems of no scaling, scale mismatch and upscaling are well-

2004; Norman, Street, & Spong, 2013). Moreover, they show male-

known in ecology (de Knegt et al., 2010; Underwood, Hamback, &

biased dispersal, female philopatric behaviour and generally long-

Inouye, 2005) and are increasingly recognized, also in population

distance dispersal capabilities (Støen, Bellemain, Sæbø, & Swenson,

genetics (Gabrielsen, Kovach, Babbitt, & McDowell, 2013; Gorospe

2005; Støen, Zedrosser, Saebo, & Swenson, 2006; Zedrosser, Støen,

& Karl, 2013; Keller et al., 2013). Despite the importance of the

Sæbø, & Swenson, 2007). Thus, we expect a strong effect of IBD on

issue, there are currently no approaches for empirically identifying

the genetic structure and a scale dependency of both the underly-

the scale of population genetic patterns. Such an approach would

ing processes and the resulting genetic patterns. We also expect

allow more precise estimates of population genetic parameters and

sex differences regarding scale and genetic structure. An account of

help identify the mechanism underlying an observed population

the demographical history is presented in Appendix S3.

that, even though some are spatially explicit (e.g.
Estoup, Mortier, & Cosson, 2005;

tess,

geneland,

structure.
Here, we propose a method consisting of a series of variogram
analyses to describe the metastructure of spatial autocorrelation,

2.2 | Sampling and genetic analysis

and identify the spatial scale at which the pattern of population

The dataset consisted of 1,530 genotypes (741 females, 789 males)

genetic structure is strongest. This enables the direct idenfication

obtained through the genetic analysis of georeferenced, noninvasively

of scale dependency of population processes, and thus aids in a

collected samples (mostly faecal samples, some hair) and occasional

better understanding of how population genetic structure is de-

tissue samples from bears shot legally. The samples were genotyped

termined. Variogram analysis originates in geostatistics, depicting

using eight dinucleotide microsatellite markers (STRs) developed for

the average degree of variation between locations at increasing

bears: MU05, MU09, MU10, MU23, MU50, MU51, MU59 (Taberlet

distance and is, as such, an empirical spatial autocorrelation metre

et al., 1997) and G10L (Paetkau & Strobeck, 1994, 1995), plus two

(Guillot et al., 2009). Variogram analysis has been applied to iden-

markers for sex-identification as described in Kopatz et al. (2012). The

tify spatial genetic patterns (Gauffre et al., 2015; Thompson, van

genetic analyses followed strict protocols accredited according to the

Manen, & King, 2005; Wagner et al., 2005), but has not found

EN ISO/IEC 17025 standard (Norwegian accreditation: test 139) to en-

widespread application, perhaps due to difficulty in interpreta-

sure unambiguous identification. According to this, an individual geno-

tion (Guillot et al., 2005). Our suggested approach is simple and

type was only accepted if the same alleles were scored independently

intuitive, and we exemplify its application by performing a scale-

thrice, if homozygous for the respective marker, and twice, if heterozy-

explicit analysis of genetic structure using DResD analysis (Keis

gous. Samples that did not meet these requirements were not used for

et al., 2013), which detects dispersion patterns using genetic

this study, i.e. we used only positively identified genotypes. Details of

1326
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the extraction, amplification and genotyping protocols are described in

index Rousset’s â (Rousset, 2000), an individual-based analogue to

Andreassen et al. (2012).

FST/(1-FST ) for continuously distributed populations (Figure 1a,b).
Rousset’s â has the advantage of not relying on a reference popula-

2.3 | Scale detection and IBD-based population
structure

tion (Vekemans & Hardy, 2004) and has been used in previous studies (Coulon et al., 2004; Leblois, Rousset, Tikel, Moritz, & Estoup,
2000; Schwalm, Waits, & Ballard, 2014; Valtonen et al., 2014). We

We used the residuals from an IBD model in an analysis of vari-

used an asymptotically increasing shape of the IBD model, which

ogram series to identify the spatial scale at which the population

is clearly supported by the data (Figure S3). As the brown bear ex-

structure exhibited maximal strength (Figure 1). To estimate IBD,

hibits male-biased dispersal and females form matrilineal clusters

we correlated geographical distance with the genetic divergence

(Støen et al., 2005; Zedrosser et al., 2007), males and females may
show differences in the extent of IBD, as well as spatial genetic

(a)

structure. Therefore, we performed this and all other analyses with
the combined dataset as well as separately for each sex.
The variogram model describes the degree of strength (partial sill)
and range of spatial autocorrelation using the relationship of pairwise
variation in sample values on distance (Figure 1c,d; Meisel & Turner,
1998; Storfer et al., 2007; Wagner et al., 2005). Using deviations of

(b)

pairwise genetic distance from the IBD model, we conducted a series of spherical variogram models that measure the appearance of a
population pattern. The variogram models were calculated for sample pair geographical distance zones from 1 to 350 km with steps of
5–10 km. The range from upper to lower limit of the distance zones
were set as ±½ of mid-zone distance (Figure 1b). Hence, the short-
distance zones were narrower, providing finer pattern indication.
After variogram modelling for each distance zone (Figure 1c), rela-

(c)

tive partial sill (partial sill/total sill) was used to measure the degree
of population spatial structuring at different scales (Figure 1d). The
locally weighted scatter plot of a smooth regression (LOESS) model
was used to detect the peak values of pattern scales.
To evaluate the reliability of the results, we firstly simulated free
and random small-scale dispersion, while keeping the large-scale genetic configuration. For this, we used the genetic data for female
bears, shuffling the placement of the samples within a radius of 50 km.
Second, we simulated a population that was structured solely by IBD

(d)

across the study area. For this, we used the IBD model estimation
based on the empirical data. We then randomly re-sampled the IBD
model residuals. The data used for the validation process is deposited in
the DRYAD data repository (https://datadryad.org/; data package DOI:
10.5061/dryad.vr61ks2; Schregel, Remm, et al., 2017). In all three cases
(empirical, local free dispersion and globally even IBD) the basic IBD
curve remained almost identical. The final DResD analysis for place-

(e)

ment of subpopulation borders and cores was performed at the scales
of maximum genetic structure indicated by the results of the variogram
analysis. The IBD-corrected values were then interpolated throughout
the study area using variogram-based distance weighting (Kriging; Lam,
1983; Legendre & Fortin, 1989) at geographical midpoints between
individuals. Finally, 200 bootstrap permutations were used to test statistical significance of the population border and core areas (Figure 1e).
For this, the matrix of genetic distances was re-sampled randomly. R

F I G U R E 1 Step-by-step explanation of the variogram series,
based on the scale detection procedure and subsequent DResD
(distribution of residual dissimilarity), resulting in scale-explicit
mapping of isolation-by-resistance related gene flow patterns

packages ‘base’, ‘stats’, ‘sp’ and ‘gstat’ were used for the scale and DResD
analysis (Bivand, Pebesma, & Gomez-Rubio, 2013; Pebesma, 2004;
Pebesma & Bivand, 2005). For a detailed description of the DResD algorithm, see Keis et al. (2013) and Hindrikson et al. (2013).
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2.4 | Bayesian clustering and cluster placement

15.2 km

structure

v.2.3.4 (Falush et al., 2003; Pritchard et al., 2000) in

to their likely origin. The maximum number of populations was set
to K = 10, assuming population admixture and correlated allele frequencies. We performed ten independent runs for each K, with a
burn-in period of 100,000 Markov–Chain–Monte–Carlo (MCMC)
iterations and a subsequent sampling of 1,000,000 MCMC itera-

10

202 km
147 km

Combined
226 km

5

(ΔK; Evanno, Regnaut, & Goudet, 2005) and to assign individuals

Strength of pattern, %

change in the log probability of data between successive K values

17.4 km

Combined
30.7 km

combination with Structure Harvester (Earl & Vonholdt, 2012) to
estimate the likely number of genetic clusters using the rate of
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We applied the Bayesian assignment algorithm implemented in

|

tions. Individuals’ posterior probabilities (cluster membership valcore areas and areas with low occupancy probability (Hindrikson
et al., 2013). First a raster was placed over the study area, followed
by estimating the probability of each raster cell belonging to each
cluster, by calculating the inverse distant weighted average (w =
1/dist.) of the membership value q from all samples for each
cluster. Based on home-r ange size, dispersal distance and spatial extent of the positive genetic spatial autocorrelation of
brown bears in Sweden and Norway (Dahle & Swenson, 2003;
Schregel, Kopatz, et al., 2017a; Zedrosser et al., 2007), we
applied a raster cell size of 25 × 25 km as a near optimal graphical
resolution for imaging genetic patterns. The statistical significance
of q value estimations, compared to spatial randomness, at each
raster cell was tested using a bootstrapping procedure. Keeping
the placement of sampling points, the q values were re-s ampled

0

ues q) were evaluated by sample placements to determine cluster
0

50

100

150

200

250

300

350

Geographic scale, km
F I G U R E 2 Strength of IBD-based population structure
over geographical scales from 1 to 350 km. The analysis is
based on series of variogram models, composed of values of
pairwise deviations from a global IBD model and subsampled
by geographical distance zones (± ½ mean distance). The points
represent strength of autocorrelation, measured as percentage
of variogram partial sill in total sill. The curved lines represent the
LOESS models, used to define the scales of structuring peak values.
The specific scales detected in the analyses, i.e. the peaks, are
given in the figure, and represent the scales chosen for the final
DResD analysis of dispersal barrier and corridor placement

randomly in 1,000 permutations. As a result, raster cells were
classified to be (1) significantly higher (core area), (2) significantly

maximum, indicating the scale of analysis for which the appearance

lower (out of cluster range) or (3) not different from the expecta-

of spatial genetic structure was most probable (Figure 2). In con-

tions under random configuration of the entire population.

trast to this, the result of the reshuffled dataset for free and random small-scale dispersion showed a strongly weakened small-scale

3 | R E S U LT S
3.1 | Scales and patterns of IBD-based population
structure
3.1.1 | Global IBD

pattern (at c. 20 km), whereas the large-scale pattern (at c. 200 km)
remained similar to the empirical model (Figure 3). In relation to the
result of the re-sampling of IBD residuals to simulate a purely IBD-
structured population, the strength of the large-scale (c. 200 km)
spatial pattern was half as strong as that estimated for the empirical
data; and for the small-scale (c. 20 km) pattern, the peak of spatial
structuring was one-fifth as strong (Figure 3). This result strongly in-

We modelled the IBD curves from the 1,530 Scandinavian brown

dicates that the detected peaks reflected actual population genetic

bear genotypes in a distance range from 0 to 1,386 km (Figure S3).

structure and were not artefacts of the analysis. We therefore chose

As expected, the relationship of geographic vs. genetic distances

to explore the population genetic structure at two spatial scales. On

was slightly steeper for females (R² = .15) than males (R² = .11; Figure

the small scale, we used pairwise distances of 23–47 km (sexes com-

S3) throughout almost all the range of distances studied, reflective

bined), 12–23 km (females) and 10–20 km (males). On the large scale,

of the formation of matrilineal assemblages (Støen et al., 2005) and

we considered sample pairs at distances of 150–300 km (combined),

male-biased dispersal (Støen et al., 2006; Zedrosser et al., 2007).

135–269 km (females) and 98–196 km (males).

3.1.2 | Pattern scales

3.1.3 | Large scale

The analysis of variogram series showed two peaks at which the

The large-scale analysis revealed two major east-west oriented areas

strength of spatial patterning of IBD residual variance reached a

with a significant positive deviation from the global IBD model: a

|
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to have contributed to the family group/corridors, whereas males

15

1328

Empirical

were most influential for the location identified at the Bothnian Bay

Shuffled in 50 km

in the north of the central part. Regarding the areas indicative of

Even IBD

barriers (i.e. higher-than-expected genetic dissimilarity), it seemed

10

areas displayed as such were found scattered throughout the region in both sexes. Likewise, differences between sexes in terms of
number of grid points identified with significant departure from IBD
expectations were not large; the descriptive statistics for the DResD
analysis (Table S1) gave similar proportions of areas identified as
either barrier or corridor for the total dataset (1.7%), the females

5

Relative partial sill, %

that the difference between males and females was not large and

(1.6%) and for the males (1.7%).

3.2 | Population clustering and cluster placement
0

The analyses of population structure and cluster placement identified four core cluster areas, arranged spatially from south to
0

50

100

150

200

250

300

350

Scale, km

F I G U R E 3 Three scenarios of strength of IBD-based population
structure over geographical scales from 1 to 350 km – empirical
data (black line) of female sample sub set; simulated small-scale
free random dispersion within 50 km (dark grey); and simulated IBD
across study area (light grey)

northeast and henceforth referred to as clusters 1, 2, 3 and 4
(Figure 5a,b). For clusters 1 to 3, the analysis identified areas significantly out of range for both males and females (Figures S1 and S2),
whereas no such area was determined for cluster 4. For clusters 1 to
3 (except for the males in cluster 3), the out-of-range area included
the easternmost part of cluster 4, which has been characterized by
previous studies as belonging genetically to the brown bear population distributed across Finland and Western Russia (Kopatz et al.,

narrow strip of c. 27,800 km² in the North (around 68.5°N), and

2012, 2014; Schregel et al., 2012; Tammeleht et al., 2010). The larg-

a wide zone of 60,500 km² in the South (around 62.5°N). These

est area classified as out of range for both sexes was estimated for

barrier-like transition areas divided the population into three parts;

cluster 1, indicating limited bidirectional gene flow (Figures S1a and

one in the south, an extensive central part and one part to the north-

S2a). Likewise, gene flow from cluster 3 to cluster 1 seemed to be

east (Figure 4a).
The results for males and females were similar, with both sexes

limited, as this area was classified as out-of-range for both sexes
(Figures S1c and S2c). In general, females showed a slightly larger

displaying a barrier in the north (Figure 4b,c). The females showed an

area classified as out-of-range, as would be expected under male-

additional partition in the south, essentially limiting gene flow across

biased dispersal.

the entire width of the peninsula (Figure 4b). The descriptive statistics for the DResD analysis showed that males displayed a lower
proportion of area showing departure from the IBD model (2.3% of

4 | D I S CU S S I O N

area studied) than females (10.3%) and the combined data (13.4%).
Identifying the spatial scale of population genetic patterns within

3.1.4 | Small scale

and among populations may provide clues to the underlying processes that have shaped populations and may therefore help to

On the small scale, areas of relatively low genetic dissimilarity (in-

predict how the shape of a population will develop in the future

dicating local dispersal corridors or family groups) were displayed

(Gabrielsen et al., 2013; Gorospe & Karl, 2013; Keller et al., 2013).

for all three analyses (combined dataset and separated by sex) and

Many currently used tools are unable to identify and incorporate the

within all of the three parts of the study population (Figures 4d–f).

aspect of scale into their analyses. Here, we have suggested a new

For the combined data, such areas were comparably large in the

approach to empirically detect the scale at which genetic patterns

north and some smaller ones were scattered throughout the study

are strongest and used it to show how scale explicit genetic struc-

area (Figure 4d). Also, we identified areas of higher-than-expected

ture is determined in a large carnivore using DResD analysis.

genetic dissimilarity (indicating barriers) (Figure 4d). Comparing

Our results indicated two independent biological processes

these results with the results of the sex-specific analyses indicated

shaping the Scandinavian brown bear’s population genetic structure:

that males and females contributed differently towards these small-

home-range scale processed at <35 km, and subpopulation division

scale genetic patterns. Females generally displayed larger areas,

at the scale of >98 km. These spatial scales are probably related

indicative of family groups or corridors, than males, but males did

to the temporal variability in these processes and patterns, where

display some areas of this type. In the South, mostly females seemed

local processes may affect genetic patterns on a more short-term

SCHREGEL et al.
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F I G U R E 4 Areas of high and low
genetic differentiation between sample
pairs of brown bears in Norway and
Sweden, estimated with the DResD
method at two different scales. The
genetic distances were corrected for
isolation-by-distance and interpolated
across the study area using a kriging
procedure. Saturated coloured areas
indicate statistically significant departure
from the global IBD model (p < .05),
magenta to cyan indicating lower and
green to red higher than expected genetic
dissimilarity; samples are represented
as black dots. (a) Large scale, males and
females combined, including sample pairs
between 23 and 47 km apart (sample
pairs n = 26,207, partial R² = .04); (b) Large
scale, only females, including sample
pairs between 135 and 269 km apart
(n = 53,809, R² = 0.03); (c) Large scale, only
males, including sample pairs between 98
and 196 km apart (n = 65,536, R² = 0.05);
(d) Small scale, males and females
combined, including sample pairs between
150 and 300 km apart (n = 243,373,
R² = .04); (e) Small scale, only females,
including sample pairs between 12 and
23 km apart (n = 7,913, R² = .09);. (f) Small
scale, only males, including sample pairs
between 10 and 20 km apart (n = 5,907,
R² = .13)
time-scale, whereas large-scale patterns are more strongly influ-

Comparing the results of the Variogram-DResD analysis with

enced by multigenerational gene flow. Different results for males,

those of the structure analysis highlights the difficulties of the con-

females and the combined dataset in the scale detection analy-

ventional approach of delineating population boundaries and iden-

sis also indicated that these processes act differently on the two

tifying population structure. The

sexes, with males exhibiting the strongest large-scale patterning at a

clusters, but even with a separate analysis testing for IBD, it is chal-

smaller spatial scale than females (147 km vs. 202 km respectively).

lenging to assess the reliability of this result (Frantz, Cellina, Krier,

This shows the advantage of our empirical approach of variogram

Schley, & Burke, 2009; Schwartz & McKelvey 2008). The addition

structure

analysis detected four

series, as assumptions based only on single-generation movement

of the recent cluster placement approach for processing

distances may apparently be incorrect regarding the determination

results (Hindrikson et al., 2013) added valuable information, in-

of the spatial scale of genetic patterning.

dicating asymmetrical dispersal and gene flow. However, also this

structure
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Here, we showed that this is equally true the other way around, especially regarding male bears. At the large scale, IBD seemed to be
the leading cause for population genetic structuring. Previous studies on the dispersal behaviour of Scandinavian brown bears (Støen
et al., 2006; Zedrosser et al., 2007) did not report dispersal patterns
of male bears that would lead to expectations of small-scale genetic
patterns for this sex. However, we found an unexpected amount of
small-scale genetic pattern that may be attributed to limits to gene
flow and the formation of patrilineal groups. Also here, our results
indicated a scale dependency of population genetic processes: at
the large scale, long-distance dispersal events and multigenerational
gene flow may have counteracted the occurrence of genetic structure, whereas at the small scale, they had relatively little influence in
comparison to natal dispersal patterns and territoriality.

4.1 | Research perspectives
In classical ecological studies, detection of scale-dependent grain
size and related patterns is based on a single variogram or similar
autocorrelation metrics. However, multi-level patterns are often difficult to detect in this way (Meisel & Turner, 1998). We used a series
of variograms that is applicable in any spatially explicit pairwise data,
including genetic, morphological or ecological distance or similarity of individuals, populations or even ecosystems. As a result, we
F I G U R E 5 Population genetic structure of the Scandinavian
brown bear population (n = 1,531). (a) Geographical placement
of the statistically significant cluster core areas based on inverse
distance-weighted interpolation of assignment probability, q,
determined by 1,000 bootstrap permutations. Colours correspond
to the bar plot, the darker areas were determined as core areas for
males and females, the lighter ones for males only. The clusters are
referred to in the text by the numbers given in the figure. (b) Result
of the Bayesian cluster assignment with the program Structure
(Pritchard et al., 2000), each individual is represented by one
bar, sorted by sampling location from South to North; each bar is
divided into sections corresponding to the assignment probability
(q, y-axis) for each of the four clusters

identified two peak scales of genetic patterns in the study population. The next step of development could be accounting for temporal
rhythms of population genetic dynamics in data collected across a
reasonable time period. A scale-explicit spatio-temporal model that
integrates small-and large-scale processes could have very good
prediction power of a population’s perspective and its response to
environment, and opens an opportunity for high precision estimations of case scenarios. Also, there has been a lack of methods that
measure landscape dispersal resistance directly from genetic data
(Zeller, McGarigal, & Whiteley, 2012). Our presented approach could
be a good candidate to fill this gap in landscape genetics and ecology.
The investigation of small-and large-s cale genetic processes
that influence population structure and gene flow in wildlife spe-

analysis showed comparably large and strong cluster cores with little

cies is of growing importance for scientific research. The genetic

overlap, making it hard to evaluate the strength of the structuring.

connectivity estimation resulting from a DResD analysis could

In contrast, analysing the same data on the empirically determined

reveal the habitat features and population density beneath the

correct scale with the DResD approach put the

analysis

dispersal patterns and population structure if correlated with

into perspective regarding the strength and extent of the population

landscape composition and contemporary or historical occur-

genetic clustering. In addition, the results point to different causes

rence of a species. Related to this, IBD, the base model of the

underlying the observed genetic pattern, where the central part of

DResD, could be seen as generalized model of isolation-by-

Scandinavia may be structured mainly by IBD and the brown bear-

resistance (IBR), which explains population structure in a land-

specific dispersal patterns, whereas the gene flow barriers, or areas

scape that is unevenly passable for individuals (Guillot et al.,

of high dispersal resistance, identified to the south and north of the

2009; McRae, 2006). Theoretically, the division of a wildlife pop-

study area may potentially be caused by anthropogenic disturbance.

ulation into genetic subunits is caused by historical or contem-

structure

does not allow scale-
specific analysis, the

porary spatial separation of individuals and consequently limited

small-scale results of the Variogram-DResD analysis can only be

gene flow (Darwin, 1859; DiLeo & Wagner, 2016; Holderegger,

evaluated by comparing them to previous studies. It is a well-known

Buehler, Gugerli, & Manel, 2010; Holderegger & Di Giulio, 2010).

problem in ecology that the upscaling of results obtained at a small

Hence, also population sub-c lustering should be considered as an

scale can lead to erroneous conclusions (Underwood et al., 2005).

exceptional case of IBD/IBR. We conclude that IBD overlays both

Because

structure
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the concepts of variable landscape resistance (IBR) and popula-

execution of management actions. The commonly used clustering

tion division into distinct clusters. However, landscape genetic

algorithms are valuable tools to identify the number of genetic clus-

studies have shown that assuming discrete population units, ap-

ters, however, it is very difficult, if not impossible, to extract reli-

plying analysis tools designed to detect these units, and then try-

able information about the cause for the observed genetic patterns

ing to explain the perceived population structure by correlating

from this kind of analysis results. Using the variogram and DResD

it with landscape structures may lead to erroneous conclusions

approach, we were able to identify two barriers to gene flow, one

(Cushman & Landguth, 2010). The further development of the

at the south and one at the north, and one potential contact zone

analysis approach presented here, i.e. uniting the population’s

that may lessen the negative effect of the southern barrier in the

true subdivision, landscape genetics and ecological models with

Scandinavian brown bear population, thereby modifying and ex-

the concept of variable IBD, could allow a great leap towards the

tending the information gained with the

comprehensive understanding of population processes at large

(Figure 6). In addition, our results indicated that the brown bear pop-

and small scales.

ulation in Sweden and Norway is less fragmented than the results of

structure

analysis alone

the Bayesian clustering analysis suggested, and that it may benefit

4.2 | Conservation and management implications

from coordinating management actions between the two countries
concentrating on the identified areas. Our results may thus contrib-

The variogram and subsequent DResD analysis may also aid in con-

ute to the promotion of joint management of this border-crossing

servation-and management-
related research, where information

species (European Comission, 2012). The methodology presented

about gene flow barriers and corridors is vital for the planning and

here may also be useful to plan more targeted management actions,

F I G U R E 6 Summary of the results
of the cluster placement and DResD
analyses. Only the most pronounced
results are depicted in this overview. For
more detailed results, refer to Figures 2,
4 and 5. Colours used to depict barriers,
cluster cores, family groups and potential
admixture zones are given in the legend
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by pinpointing areas where a study of population dynamics may reveal important information relevant for, e.g. conservation efforts.
Also, by identifying and separating small-scale and large-scale patterns and processes, more appropriate management actions can be
planned, where the type of action may depend on the scale on which
they are supposed to function. For the study population at hand,
our results indicate that further actions should probably be concentrated in areas where genetic structuring is enhanced by (anthropogenic) gene flow barriers and not caused by naturally occurring IBD
processes.
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