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Current range expansions of large terrestrial carnivores are occurring follow-

ing human-induced range contraction. Contractions are often incomplete,

leaving small remnant groups in refugia throughout the former range.

Little is known about the underlying ecological and evolutionary processes

that influence how remnant groups are affected during range expansion. We

used data from a spatially explicit, long-term genetic sampling effort of griz-

zly bears (Ursus arctos) in the Northern Continental Divide Ecosystem

(NCDE), USA, to identify the demographic processes underlying spatial

and temporal patterns of genetic diversity. We conducted parentage analysis

to evaluate how reproductive success and dispersal contribute to spatio-

temporal patterns of genetic diversity in remnant groups of grizzly bears

existing in the southwestern (SW), southeastern (SE) and east-central (EC)

regions of the NCDE. A few reproductively dominant individuals and

local inbreeding caused low genetic diversity in peripheral regions that

may have persisted for multiple generations before eroding rapidly

(approx. one generation) during population expansion. Our results highlight

that individual-level genetic and reproductive dynamics play critical

roles during genetic assimilation, and show that spatial patterns of genetic

diversity on the leading edge of an expansion may result from historical

demographic patterns that are highly ephemeral.
1. Introduction
Worldwide, many large terrestrial carnivores suffered population declines and

extirpation from much of their range during the nineteenth and early twentieth

centuries [1–4]. Though some populations continue to decline or remain

imperilled, many populations are now stable or rapidly recovering [5]. Given

the crisis nature of conservation biology [6], most research focuses on deter-

mining the mechanisms underpinning population decline, range contraction,

or extirpation. On the other hand, understanding of the recovery process

and subsequent range expansion following contraction is based largely on

theoretical simulations [7–13] and historical reconstructions [14–17], and

thus relies heavily on idealized scenarios. This is particularly true for large car-

nivores, as detailed data collected at appropriate spatial and temporal scales

necessary for tracking expansion processes in long-lived and highly mobile

organisms are extraordinarily rare.

Population genetic theory generally predicts greater differentiation and

lower genetic diversity on the leading edge of range expansions [7–11,13].

This pattern arises from the long-distance dispersal of small numbers of found-

ing individuals at the edges of the expansion zone. Typically, gene flow

(dispersal) between populations increases as the contiguous population con-

tinues to expand, leading to greater similarity between populations at the

range core and on the periphery [7,12,18]. However, when remnant groups
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exist in the direct path of the core expansion, the manner and

timescale of assimilation is currently unknown, and prob-

ably depends on reproductive success, dispersal rate, and

habitat carrying capacity [7,10,12]. Initially, remnant

groups tend to have low genetic diversity due to generations

of relative isolation, low effective population sizes, and sub-

sequent genetic drift. Theoretical simulations suggest that

during population expansion an infusion of dispersers

from the neighbouring core and subsequent interbreeding

between populations function to increase genetic diversity

within peripheral populations [7,8,13].

Numerous populations of carnivores persist as remnants

[19–29], largely due to habitat fragmentation and persecu-

tion, with climate change expected to exacerbate the

problem in additional populations [30]. Nevertheless, few

studies have examined fine-scale interactions between

expanding core populations and existing remnant groups

because the temporal and spatial data necessary to do so

are rarely available. Empirical studies at the ecosystem scale

at which large carnivores function can reveal patterns in

spatial genetic diversity and help identify the underlying eco-

logical and evolutionary processes responsible for observed

patterns. Demographic dynamics (e.g. dispersal, reproduc-

tion, and carrying capacity), in particular, probably have a

very strong impact on contemporary evolutionary processes

responsible for spatio-temporal patterns of genetic diversity

observed during ongoing range expansions.

Logistically, investigating reproductive success and dis-

persal in large carnivores is exceedingly difficult given the

challenges posed by the life history and ecology of most

species. Many large carnivores are solitary and most are

wide-ranging, making observational assessments of mater-

nity difficult and paternity nearly impossible to ascertain.

Migration and dispersal studies traditionally use mark–

recapture or tracking technologies to follow individuals

over time, but often suffer from insufficient sample sizes

and focus on subsets of ecosystems due to the monetary

expenses and time involved. Inferred methods (e.g. parent-

age/kinship analysis) have therefore been the preferred

method of reconstructing kin relationships [31–41]. However,

large carnivores are often long-lived and have overlapping

generations, making it difficult to obtain the spatial and

temporal genetic data needed to construct accurate pedigrees.

Given these challenges, no study has evaluated how demo-

graphic phenomena occurring in remnant, low-density

groups and an expanding core influence subsequent patterns

of intraspecific genetic diversity in large carnivores.

Grizzly bears (Ursus arctos) in the contiguous USA

survive in four geographically separated populations [42],

a fraction of their former range. Only two of these, the

Northern Continental Divide Ecosystem (NCDE) and the

Greater Yellowstone Ecosystem (GYE) support more than

approximately 80 individuals. Dispersal between populations

is rare, especially for females [43], but does occur in limited

cases [44], and the NCDE population remains connected to

Canadian populations. The NCDE population was listed as

threatened in 1975 [45], but has been showing signs of recov-

ery, both in terms of occupied range [46] (Mace R, Roberts

L. 2012 Northern Continental Divide Ecosystem Grizzly

Bear Monitoring Team Annual Report, 2012. Montana Fish,

Wildlife & Parks, 490 N. Meridian Road, Kalispell, MT

59901, 2012, unpublished data) and population abundance,

growing from approximately 765 individuals in 2004 [46] to
nearly 1 000 individuals in 2009 [47]. Historically, Glacier

National Park (GNP), in the most northern NCDE, was a

stronghold for the population with higher protection

afforded to individuals within park boundaries resulting in

fewer human-caused mortalities [45]. Partly as a result,

GNP and adjacent lands, henceforth referred to as the core,

had high densities of grizzly bears, while lands further

south supported low densities of bears that were probably

semi-isolated when populations were smaller, as evidenced

by historical genetic structure [46].

The combination of an incomplete range contraction and

subsequent expansion provides a valuable natural experiment

using grizzly bears as a model carnivore species. Grizzly bears

can reach nearly 30 years of age [47], have overlapping gener-

ations with a generation length of approximately 10 years [48],

and exhibit many of the same traits that make studying other

large carnivores difficult. Here, we use extremely rare, highly

rigorous spatial and temporal grizzly bear genetic data col-

lected at an ecosystem scale to (i) evaluate the spatial and

temporal dynamics of genetic diversity during grizzly bear

population growth and range expansion in the NCDE and

(ii) identify the underlying demographic processes responsible

for spatial and temporal fluctuations in genetic diversity.
2. Material and methods
(a) Study area
The 32 000 km2 NCDE is one of the largest and most intact eco-

systems in the USA. The vast majority of land is protected

mountainous terrain, encompassing GNP, all or portions of five

national forests (Flathead, Lolo, Lewis & Clark, Lincoln, and

Kootenai), five wilderness areas (Bob Marshall, Scapegoat,

Great Bear, Mission Mountain, and Rattlesnake), three wilder-

ness study areas (Mount Hefty Tuchuck, Thompson-Seton, and

Ten Lakes), parts of the Blackfeet Nation and Confederated

Salish and Kootenai Reservations, along with private land hold-

ings located mostly on the eastern, western, and southern

periphery. Waterton Lakes National Park in Alberta, Canada, is

adjacent to the northern boundary of the NCDE.

(b) Genetic samples
Two independent sampling methods were used to collect genetic

samples (bear hair) from 1998–2012: (i) hair traps—corrals of

barbed wire with lure in the centre systematically distributed

using an 8 � 8 km (1998, 2000) or 7 � 7 km (2004) grid and

(ii) bear rubs—naturally occurring trees or other objects

that bears rub on fitted with barbed wire (1998–2000,

2004, and 2009–2012). From 1998 to 2000, sampling occurred

on 8 000 km2 in the northern extent of the NCDE (north of

Highway 2 (figure 1)), whereas systematic and consistent,

ecosystem-wide sampling occurred in 2004 and 2009–2012. In

total, there were 6 160 confirmed grizzly bear detections, leading

to the identification of 1 115 unique individual genotypes (520

male, 595 female). All samples were originally genotyped at

seven variable microsatellite loci to identify unique individuals

(G10 J, G1A, G10B, G1D, G10H, G10M, and G10P). We then

attempted to extend genotypes of a subset of samples to 16

(n ¼ 142) (previous seven loci in addition to G10C, CXX110,

CXX20, G10L, MU50, MU59, G10U, MU23, and G10X) and 24

markers (n ¼ 637) (previous 16 loci in addition to REN145.P07,

MSUT2, CPH9, MU51, REN144.A06, MU26, D123, and D1A)

as resources and sample material allowed (electronic supplemen-

tary material, tables S1 and S2). Individuals were also genotyped

at amelogenin to identify gender [49]. We sampled 71% (95%
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Figure 1. Average locations of 1 115 individual grizzly bears in the Northern
Continental Divide Ecosystem (NCDE), USA, between 1998 and 2012. Black
polygons encompass buffered regions of interest due to low heterozygosity
(HO) in 2004, clipped by the sampled study area (double lines).
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CI ¼ 66–76%) of the population in 2004 [46] suggesting that most

individuals first identified in 2009–2012 are younger bears.

Further details on data collection, laboratory protocol, molecular

analysis, and data quality control are available in Kendall et al.
[46]. Samples collected from 2009 to 2012 were processed in the

same laboratory with the same procedures as Kendall et al.
[46]. Assuming a 2–3% annual rate of increase in the NCDE

population [47], approximately 30–35% of the population was

sampled annually from 2009 to 2012.

(c) Spatial genetic diversity
To describe spatial patterns of genetic diversity (Objective 1), we

split samples into three time periods: samples collected in 2004

(545 individuals), 2009–2010 (449 individuals), and 2011–2012

(494 individuals). Within each time period, we averaged

locations of individuals that were detected more than once. We

performed calculations with the seven loci that were genotyped

consistently (electronic supplementary material, table S2) across

study years and individuals. We found positive spatial auto-

correlation of genotypes out to 66 km using Genalex 6.5 [50]

(electronic supplementary material, figure S1), and subsequently

used this to define the extent of the neighbourhood used for cal-

culating spatial patterns in genetic diversity. We calculated

six metrics of local genetic diversity using a radius of 33 km in

a moving-window analysis with the spatial Genetic Diversity

package (sGD) [51] for the R statistical environment [52]. We cal-

culated metrics when more than or equal to 10 individuals were

contained within the 33 km radius of each focal individual.

(d) Parentage analysis
We used the full-pedigree likelihood approach implemented in

COLONY 2.0 [52–54] to identify familial relationships among

grizzly bears in the NCDE. COLONY iteratively substitutes indi-

viduals into clusters of family groups based on genotypes to
determine the most parsimonious family tree configuration

[53–55] and has been shown to be quite accurate (80–100%

correct assignments) with more than or equal to 10 loci geno-

typed when run on a simulated population with similar

attributes to the NCDE grizzly bear population [56].

This method also infers genotypes of non-sampled parents. All

1 115 genotypes were included in the analysis. Missing alleles

are dropped from analysis so that individuals genotyped at

fewer loci are compared only at available loci. We report parent-

age results from a single long run in COLONY (approx. 300

million iterations) using all data where we allowed polygamy

in both sexes, and estimated that the proportion of sampled

parents was 0.4 for each sex and genotyping error was set at

0.001 for each locus. We used COLONY output to quantify

the number of offspring and partners per individual, without

considering inferred parents.

(e) Reproductive success
To quantify individual reproductive success, we used samples

collected in 2004 as our baseline adult generation because

sampling in this year was systematic across the entire ecosystem,

the number of loci genotyped was consistent (electronic sup-

plementary material, table S1, more than 93% individuals had

24 markers genotyped), and because we had high probabilities

of detecting their offspring in later years of sampling

(2009–2012) based on age of primiparity. Female grizzly bears

in the NCDE reach primiparity at a mean of 5.4 years old and

average 2 cubs per litter, with each litter separated by approxi-

mately 3 years [47]. Male first age of reproduction can be as

early as 4 years old, but can be later when older, more dominant

males are present. Reproductive success refers only to the

sampling period and incorporates individuals varying in age at

the end of the study, and thus differs from lifetime reproductive

success. We averaged the proportion of reproductively successful

adult bears within each genetic neighbourhood based on a 33 km

radius in a moving-window analysis (analogous to the above

approach (sGD) used to calculate genetic diversity). We then

compared results to weighted neighbourhood estimates of rela-

tive median density of male and female bears with original

10 km resolution [57].

( f ) Low-diversity persistence and assimilation
We used spatial patterns in observed heterozygosity (HO) from

2004 to identify peripheral regions in the NCDE where grizzly

bears had low genetic diversity. Peripheral regions were bounded

by selecting individuals with HO values less than 0.70, creating

minimum convex polygons of individuals in each of the regions,

and then buffering the polygons by 33 km to encompass individ-

uals factoring into the low sGD estimates. To assess temporal

changes in genetic diversity within the regions with low HO,

we used the same boundaries and tracked changes in regional

AR, HO, HE between time periods using the diveRsity package

[58] for the R statistical environment [52]. We assessed signifi-

cance of the difference across time in genetic metrics through

bootstrap sampling of individuals within each region with 1 000

replicates. Additionally, mean FIS was calculated using 1 000

bootstrap replicates. We then used patterns in individual repro-

ductive success and dispersal to identify the demographic

mechanisms potentially responsible for spatio-temporal patterns

in genetic diversity (Objective 2).

Individuals within the buffered regions of low HO were classi-

fied as contemporary residents or immigrants (individuals

dispersing from outside of the region). We used the mean location

of mothers assigned in the parentage analysis as individual ori-

gins (i.e. locations of natal home ranges, as in [37,39,59]). When

mothers were inferred and individuals were assigned fathers

only, we used the mean location of the father as the origin. If no
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Figure 2. Observed heterozygosity (HO) in the NCDE. Small, light-coloured circles represent low HO, while large, dark-coloured circles represent higher HO. Black
polygons encompass regions of interest due to low HO in 2004. Small black dots indicate areas where individuals were detected but there were insufficient sample
sizes (n , 10) to accurately calculate summary statistics.
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parents were assigned, we had no information on origin location,

and classified the individual as unknown. Individuals within each

region that originated from outside of the region were classified as

immigrants and individuals that had originated within the region

were classified as residents unless they had descended from one of

the identified immigrants, in which case they were classified as

immigrant offspring or grandoffspring. Immigrants that origi-

nated from more than 66 km away from the region were

additionally classified as long-distance migrants.
3. Results
(a) Spatial and temporal patterns in genetic diversity
Observed HO was relatively low in three regions of the NCDE

in 2004; the southwest (SW), east-central (EC), and southeast

(SE) (figure 2). In the SE, SW, and EC regions, we sampled 45,

28, and 98 different bears in 2004, 64, 32, and 104 bears in

2009–2010, and 72, 32, and 120 bears in 2011–2012.

Five other measures of diversity: (i) the average number of

alleles per locus (A), (ii) proportion of alleles in a genetic

neighbourhood (AP), (iii) allelic richness (AR), (iv) Nei’s

genetic diversity (HS), and (v) the inbreeding coefficient

(FIS) exhibit similar patterns of diversity as HO (electronic

supplementary material, figures S2–S6). Varying the mini-

mum number of neighbours and neighbourhood size had

little effect on results.
(b) Reproductive success
The parentage analysis yielded 1 287 assignments, including

435 triads (offspring with two assigned parents), 621

mother–offspring (M–O) dyads, and 666 father–offspring

(F–O) dyads. Nearly all assignments contained zero mis-

matching loci, with eight assignments containing one

mismatched loci, and one assignment containing two mis-

matched loci. Respectively, 205 and 139 unique mothers

and fathers were identified from the full dataset.

Individual reproductive success varied greatly for both

sexes (electronic supplementary material, figure S7a).

Female reproductive success ranged from 0 offspring for

nearly 50% of females up to 10 offspring for one individual

in the SE, with a mean of 1.55 (median ¼ 1). Male reproduc-

tive success ranged from 0 to 18 offspring with a mean of 2.06

(median ¼ 0). Variability of success was substantial; over half

of the males (59%) produced 0 detected offspring, while the
top four reproducers (located in the central and southern

NCDE) fathered between 16 and 18 detected offspring each.

A higher proportion of females (0.50) had reproductive

success than did males (0.41) ( p ¼ 0.03, two sample test for

equality of proportions).

There was a strong inverse relationship between bear den-

sity and the number of offspring per adult and the proportion

of successful adults of both sexes. In the north part of the

NCDE, bear density was highest and reproductive success

was lowest (less than 40% of males with more than one

offspring; electronic supplementary material, figure S8). In

the lowest density areas, males produced an average of

nearly twice as many detected offspring compared with

males in high density areas (approx. 50% of males with

more than or equal to one offspring), and females produced

approximately 40% more offspring.
(c) Demographic mechanisms explaining patterns
of genetic diversity

Several individuals with extremely high reproductive success

had a large number of descendants in two of the three regions

with relatively low genetic diversity (SE and SW), probably

compounding the effects of contemporary and historical

regional inbreeding associated with historical population

decline and fragmentation. The relatively low genetic diver-

sity in the SE region can be partially explained by the

reproductive success of one individual. All of the SE residents

(13 of 13) and nearly half of the individuals with unknown

origins (8 of 18) detected in 2004 descend from one inferred

male, and nearly all residents (11 of 13) also descended

from one inferred female. The male fathered a highly

productive male (8 offspring) and the two most productive

females (10 and 8 offspring, respectively) in the entire ecosys-

tem with two inferred females. The productive half-siblings

(the male and females had the same father, but different

mothers) also subsequently mated with each other, produ-

cing six offspring together. We sampled 101 descendants of

the inferred male during the entire study period, primarily

in the SE region (electronic supplementary material,

figure S9b). The proportion of immigrants in the SE increased

between 2004 and 2009–2010 samples (31–41%). This was

largely due to an increase in the number of immigrant off-

spring between 2004, when three immigrant offspring were

detected, and 2009–2010, when 10 immigrant offspring



Table 1. Number of immigrants into each region through time. Note that the same individual may be labelled as a migrant in multiple years. Long-distance
migrants (LDM) are a subsample of immigrants in the region, not additional individuals.

2004 2009 – 2010 2011 – 2012

southeast (SE) immigration

class total (LDM) total (LDM) total (LDM)

immigrants 11 (6) 16 (7) 22 (10)

immigrant offspring 3 (3) 10 (7) 4 (3)

immigrant grandoffspring 0 (0) 0 (0) 0 (0)

total immigrants in region 14 (9) 26 (14) 26 (13)

total bears sampled in region 45 64 72

percentage of region of immigrant origin 31.11% (20.00%) 40.63% (21.88%) 36.11% (18.06%)

southwest (SW) immigration

immigrants 5 (1) 8 (3) 7 (2)

immigrant offspring 0 (0) 4 (1) 6 (0)

immigrant grandoffspring 0 (0) 0 (0) 0 (0)

total immigrants in region 5 (1) 12 (4) 13 (2)

total bears sampled in region 28 32 32

percentage of region of immigrant origin 17.86% (3.57%) 37.50% (12.50%) 40.63% (6.25%)

east-central (EC) immigration

immigrants 27 (6) 30 (11) 41 (11)

immigrant offspring 7 (5) 14 (5) 14 (5)

immigrant grandoffspring 7 (3) 4 (3) 8 (4)

total immigrants in region 41 (14) 48 (19) 63 (20)

total bears sampled in region 98 104 120

percentage of region of immigrant origin 41.84% (14.29%) 46.15% (18.27%) 52.50% (16.67%)
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were detected (table 1). This increase in immigrant reproduc-

tive success, as well as an increase in the number of bears

detected, coincides with a significant increase in HO

(table 2) that continued through 2012 (2004 to 2009–2010

mean differences in HO ¼ 0.06 (lower 95% CI 0.00), 2004 to

2011–2012 mean differences in HO ¼ 0.06 (lower 95% CI

0.00)) and the erosion of the low diversity signature visible

in 2004 in less than one generation (figure 2a–c).

In the SW region, one male dominated reproduction,

siring 17 offspring, most of which dispersed only short

distances (electronic supplementary material, figure S9a). Of

those offspring, 14 descended from four females, three of

which were three generations of a single family (‘grand-

mother’–‘daughter’–‘granddaughter’). In 2004, the majority

(10 of 16) of all residents sampled in the region were the off-

spring of this male. We detected 61 descendants of this male

throughout the study. Dispersal into the region was substan-

tial, and increased over time from a low of 5 in 2004 to 8 and 7

in 2009–2010 and 2011–2012, respectively, and included sev-

eral immigrant offspring in the later sampling periods

although not in 2004 (table 1). However, we identified only

one long-distance disperser in each sampling period that

did not come from one of the other two low diversity regions,

and most immigrants were concentrated in the eastern side of

the region. Despite increasing dispersal into the region, and a

very slight increase in the number of bears detected, no

significant difference in genetic diversity was observed over

time (table 2).
The demographic processes underlying low initial diver-

sity and subsequent increase in diversity in the EC region

were more complicated than in the SE or SW. Despite low

levels of HO in 2004 (figure 2a), no sampled or inferred individ-

uals contributed disproportionately to the local gene pool. In

2004, the individual with the most resident descendants

in the region is the same inferred male that contributed dispro-

portionately to the SE region (10 residents), while 10

immigrants in the region could be traced back to an individual

detected far outside of the region which fathered two male

immigrants, one of which was quite reproductively

successful in the region (eight descendants). In 2004, we ident-

ified 27 immigrants, 7 immigrant offspring, and 7 immigrant

grandoffspring (table 1). The presence of these immigrants

and especially immigrant grandoffspring in 2004, which

were not detected in either of the other two regions, suggests

that dispersal into the EC began at least one or two generations

prior to the other two regions. In spite of the large numbers of

detected immigrants, genetic diversity was relatively low in

2004, suggesting that genetic diversity in this region may

have been even lower in the past. HO increased between 2004

and each of the latter two time periods, rising 0.05 (lower

95% CI 0.01) between 2004 and 2009–2010 and 0.07 (lower

95% CI 0.03) between 2004 and 2011–2012 (table 2). This

also coincides with an increasing proportion of immigrants

in the region, from 42% in 2004 to 46% in 2009–2010

and 53% in 2011–2012 (table 1). Levels of inbreeding (FIS)

in the EC were higher than expected under random mating



Table 2. Bootstrapped differences of genetic metrics through time within regions. Lower 95% confidence intervals not encompassing zero were considered
significant differences between time periods.

region

allelic richness (AR) observed heterozygosity (HO) expected heterozygosity (HE)

mean
difference

lower
95% CI

mean
difference

lower
95% CI

mean
difference

lower
95% CI

EC 2004 to 2009 – 2010 0.05 20.32 0.05 0.01 0.02 0.00

EC 2004 to 2011 – 2012 0.12 20.25 0.07 0.03 0.03 0.01

EC 2009 – 2010 to 2011 – 2012 0.06 20.25 0.02 20.01 0.01 20.01

SE 2004 to 2009 – 2010 0.25 20.23 0.06 0.00 0.06 0.03

SE 2004 to 2011 – 2012 0.24 20.16 0.06 0.00 0.06 0.02

SE 2009 – 2010 to 2011 – 2012 20.01 20.39 0.00 20.04 20.01 20.03

SW 2004 to 2009 – 2010 0.19 20.31 0.01 20.06 0.00 20.04

SW 2004 to 2011 – 2012 0.20 20.27 0.00 20.09 20.01 20.05

SW 2009 – 2010 to 2011 – 2012 0.01 20.47 20.02 20.10 20.01 20.05

core (GNP) 2004 to 2009 – 2010 0.05 20.19 0.01 20.02 0.00 20.01

core (GNP) 2004 to 2011 – 2012 0.15 20.13 0.01 20.02 0.00 20.01

core (GNP) 2009 – 2010 to 2011 – 2012 0.10 20.18 0.00 20.04 0.00 20.02
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(i.e. there was a deficit of heterozygotes) in 2004 (FIS ¼ 0.04

(95% CI 0.00–0.09)), but had decreased by 2009–2010 (FIS ¼

0.00 (95% CI 20.04–0.04)), and by 2011–2012, were lower

still (FIS ¼ 20.02 (95% CI 20.06–0.02)); (electronic

supplementary material, figure S5a–c and table S3).
4. Discussion
We used data from an extensive and rigorous ecosystem-scale

genetic monitoring programme to demonstrate that genetic

diversity in a large carnivore can be ephemeral and dynamic

on the periphery of its range. Shifts in distribution, range

expansions, and recolonizations primarily driven by climate

change [60–62], species invasions [63], and more recently

population growth of recovering species [64] are becoming

increasingly ubiquitous for all biota, and increasingly compli-

cated by the effects of habitat degradation and fragmentation

[65–68]. Despite rapidly changing species distributions

worldwide, our understanding of temporal patterns of gen-

etic diversity in expanding populations is limited, and the

underlying demographic mechanisms driving evolutionary

changes at range margins have largely been ignored [69].

We found that idiosyncratic demographic processes consist-

ently led to rapid local changes in genetic diversity in a

recovering carnivore found across northern latitudes.

Range contraction and habitat fragmentation of NCDE

grizzly bears occurred for approximately a century, with

the population reaching a low point in the 1920s or 1930s

[45]. The protracted reduction in the population probably

caused the reduced genetic diversity found in peripheral rem-

nant groups at the beginning of this study, as expected when

lengthy range contractions occur [70]. In this system, the

effects of over 10 generations of semi-isolation and reproduc-

tive bottlenecks, common to small populations of carnivores

globally [27,71–73], were erased via an influx of immigrants

as the core population underwent range expansion. Our
study supports the importance of dispersal and connectivity

in facilitating range expansions and restoring genetic diver-

sity [74–78] by empirically demonstrating that high

landscape permeability coupled with the intrinsic dispersal

capacity of large carnivores [79] can lead to rapid restoration

of genetic diversity in species of conservation concern.

The small size and isolation of animals living on the range

periphery often predispose remnant groups to lower genetic

diversity due to reduced gene flow [80] and smaller effective

population sizes [81]. In early years of the study, we found

relatively few immigrants entering the peripheral regions

and highly skewed reproductive success among individuals,

with several individuals dominating reproduction. Over

less than a single generation, two of the three remnant

groups showed significant increases in HO, a pattern consist-

ent with expectations of extreme temporal variation on the

range periphery [81]. The increases of HO in the SE and EC

periphery were six and seven times the magnitude of genetic

change in the core over the same period of time, respectively.

The increase of genetic diversity occurred in conjunction with

an influx of immigrants and a surge of successful breeders.

Despite the significant increase in genetic diversity, nearly

all (37/45–82%) of the southernmost females detected in

the SE periphery descended from three females, illustrating

a trend that is likely to continue at the expansion front due

to male-biased dispersal of grizzly bears [39,59,82]. A similar

pattern is likely for many mammals owing to their tendency

for male-biased dispersal [83], where persistently female

relatedness may exist despite increases in overall genetic

diversity within populations.

The evolutionary dynamics on the expansion front of a

species’ range has been a major focus of both theoreti-

cal and empirical studies. Theoretical studies have focused

primarily on the patterns of colonization during range expan-

sion in the absence of existing remnant groups (e.g. [7,11]),

and the influence dispersal has on those patterns [8].

Similarly, empirical studies have focused on genetic drift
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and adaptive dynamics along the expansion axis

(e.g. [84,85]). Edge populations may be particularly impor-

tant sources of genetic diversity that may enable species

persistence particularly in changing environments [80,81].

However, the transient nature of genetic diversity at range

margins [81] greatly complicates conservation efforts that

focus on protecting genetic diversity or understanding pat-

terns of connectivity (i.e. landscape genetics; [86]) based

on data with restricted spatial or temporal replication.

Ultimately, the data presented here highlight that a broad

spatial and temporal perspective is necessary for understand-

ing evolutionary dynamics at the edge of species

distributions where adaptive and stochastic dynamics may

be at their strongest.

The patterns in genetic diversity caused by the assimila-

tion of existing remnant groups by a core population range

expansion (reduced genetic diversity in peripheral groups,

founder effects, etc.) closely resemble the outcome of a pure

range expansion (e.g. [87]). However, they are in fact the pro-

duct of both a prolonged contraction and a subsequent

recolonization. Interestingly, populations resulting from the

two distinct processes may be adaptively and demographi-

cally very different. Considering the prevalence of remnant

groups in carnivore populations around the world [19–29],

the ongoing recovery of many populations [64], and the

increasing probability of range shifts, contractions and expan-

sions related to climate change, we expect that neutral and

adaptive evolutionary changes caused by recolonization

and assimilation will be increasingly common.

Patterns of genetic diversity in populations are dynamic

in space and time, particularly for species undergoing

changes in population dynamics and geographical distri-

butions. Extreme changes can occur in less than a single

generation and are surprisingly idiosyncratic and stochastic.
Individual-level, local demography, an oft-neglected driver

of contemporary evolutionary dynamics plays a critical role

in shaping patterns of genetic diversity, although the overall

trajectory is influenced by historical events (e.g. inbreeding,

isolation, and random genetic drift) and also contemporary

gene flow (e.g. dispersal). As such, we suggest caution

when making landscape-scale conservation and management

decisions based on a single sampling snapshot in time. Long-

term, ecosystem-scale monitoring of focal populations

illuminate processes that govern spatial and temporal pat-

terns in ecological and evolutionary dynamics, providing

key insights that might otherwise be missed.
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