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Abstract

Environmental change has a wide range of ecological consequences, including species
extinction and range expansion. Many studies have shown that insect species respond
rapidly to climatic change. A mountain pine beetle epidemic of record size in North
America has led to unprecedented mortality of lodgepole pine, and a significant range
expansion to the northeast of its historic range. Our goal was to determine the spatial
genetic variation found among outbreak population from which genetic structure, and
dispersal patterns may be inferred. Beetles from 49 sampling locations throughout the
outbreak area in western Canada were analysed at 13 microsatellite loci. We found
significant north-south population structure as evidenced by: (i) Bayesian-based
analyses, (ii) north-south genetic relationships and diversity gradients; and (iii) a lack
of isolation-by-distance in the northernmost cluster. The north-south structure is
proposed to have arisen from the processes of postglacial colonization as well as recent
climate-driven changes in population dynamics. Our data support the hypothesis of
multiple sources of origin for the outbreak and point to the need for population specific
information to improve our understanding and management of outbreaks. The recent
range expansion across the Rocky Mountains into the jack/lodgepole hybrid and pure
jack pine zones of northern Alberta is consistent with a northern British Columbia
origin. We detected no loss of genetic variability in these populations, indicating that the
evolutionary potential of mountain pine beetle to adapt has not been reduced by founder
events. This study illustrates a rapid range-wide response to the removal of climatic
constraints, and the potential for range expansion of a regional population.

Keywords: bark beetle, dispersal, mountain pine beetle, population genetics, population struc-
ture, Scolytinae

Received 21 July 2011; revision received 9 March 2012; accepted 14 March 2012

of ecological consequences, including species extinctions

Introduction (Thomas et al. 2004) and range expansions (Walther

There is growing evidence that environmental change
has, and is expected to continue to have a wide range
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et al. 2002, 2009), either by invasions into new habitats
or by the elimination of barriers to expansion from
native sites. Indeed, range expansions are a potent driver
of further ecological change. Kenis ef al. (2008) reviewed
publications on the biological effects of invasions by 72
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insect species and found ~80% reported significant
effects. These included direct effects of herbivores, par-
asitoids and predators on local species as well as indi-
rect effects such as competition with native species, the
introduction of new pathogens and the cascading effects
of altering plant and animal communities. Given the
biological impacts of range expansion, developing an
understanding of the nature of range expansion is
critical.

Climate change has facilitated poleward and eleva-
tional range expansions/shifts in many insects, and has
been well documented in Lepidoptera (butterflies and
moths), Odonata (dragonflies and damselflies) (Parme-
san 2006) and more recently in the eruptive bark beetle
mountain pine beetle (MPB), Dendroctonus ponderosae
Hopkins (Coleoptera: Curculionidae: Scolytinae) (Saf-
ranyik et al. 2010; Cullingham et al. 2011). This beetle is
native to the pine forests of western North America
with its distribution extending from central BC to north-
ern Mexico. It is one of the most destructive forest
insect pests in North America (Safranyik & Carroll
2006). Fire suppression and limited harvest of lodgepole
pine over the past century have led to large, contiguous
areas with a high density of trees vulnerable to beetle
attack (Konkin & Hopkins 2009). In combination with a
northern shift in climatic suitability, this has created
ideal conditions for mountain pine beetle population
expansion (Safranyik & Carroll 2006; Clark et al. 2010;
Cudmore et al. 2010). These factors have led to an
ongoing and unprecedented mountain pine beetle out-
break in western Canada that has affected over 16 mil-
lion hectares of pine forests (Kurz et al. 2008). Most of
the mortality has involved the primary host, lodgepole
pine (Pinus contorta Dougl. ex Loud. var. latifolia
Engelm.), but most pine species are acceptable hosts
(Wood 1982). The current outbreak had expanded into
lodgepole pine and lodgepole x jack pine (Pinus banksi-
ana Lamb.) hybrid stands in northern Alberta by 2006
(Safranyik & Carroll; Raffa et al. 2008; Cullingham et al.
2011), and recently into pure jack pine of the boreal
forest (Cullingham ef al. 2011). These events support
predictions of potential further range expansion of MPB
into eastern Canada and eastern and central United
States (Logan & Powell 2001; Mock et al. 2007;
Safranyik et al. 2010), and also provide an excellent
opportunity to investigate population genetic conse-
quences of mass migration by an eruptive herbivore.

Bark beetle epidemics make large contributions to
global carbon dioxide emissions (Kurz et al. 2008) and
inflict severe economic damage on forest industries and
forestry-dependent communities (Wagner ef al. 2006).
Current predictions related to future climate change
suggest that the frequency and severity of other bark
beetle outbreaks, e.g. Douglas-fir beetle, D. pseudotsugae

(Hopkins), and spruce beetle, Dendroctonus rufipennis
(Kirby), will increase in the future (Raffa et al. 2008). It
is therefore vital to study the dynamics of the spread of
the current outbreak, both to improve our understand-
ing and management of current and future bark beetle
outbreaks, and to study the effects of climate change-
facilitated range expansion of native fauna (Valéry et al.
2009).

The epidemiology of the mountain pine beetle is well
understood (Safranyik & Carroll 2006). In the endemic
population phase, populations exist at low densities
and only colonize low-vigour trees, e.g. those sup-
pressed by competition or disease. Through processes
that suppress the health of trees or that increase beetle
population numbers, an incipient-epidemic phase is
reached where healthy, large diameter pines can be suc-
cessfully killed. Consecutive years of population
increases allow beetles to reach the epidemic phase,
characterized by infestations over large spatial and tem-
poral scales. Through extreme cold-weather events
and/or resource depletion, epidemic populations even-
tually crash and revert to the endemic phase.

Mountain pine beetle outbreaks may arise locally
from the expansion of numerous endemic-phase popu-
lations, or as a result of long distance dispersal from
epicentres (Aukema et al. 2006). Long distance bark
beetle dispersal is thought to be a passive process in
which emerging beetles are caught in updrafts (Chap-
man 1962; Furniss & Furniss 1972; Safranyik et al.
1989). This moves them above the canopy (Safranyik
et al. 1992), from where they may be transported hun-
dreds of kilometres by atmospheric winds (Jackson
et al. 2008; Ainslie & Jackson 2011). A complex combi-
nation of the two modes is also possible (Namkoong
et al. 1979). As D. ponderosae is found in the endemic
population phase in many regions of BC (Wood &
Unger 1996; Nelson et al. 2007), it has been suggested
that some of the recent isolated outbreaks in Alberta
have originated via dispersal from numerous localized
outbreaks in adjacent areas of BC. There is also a wide-
spread perception that the current epidemic originated
and spread from an epicentre in Tweedsmuir Provincial
Park (located south of the Houston site; Fig. 1) in the
mid-1990s, as this was one of the first regions to erupt.
The relative roles of dispersal from a single epicentre
and coalescence of multiple local outbreaks in determin-
ing the overall extent of the outbreak is an area of ongo-
ing study. Both may be important. Indeed, in a
spatiotemporal analysis of the current epidemic, Aukema
et al. (2006) found evidence for both a true epicentre in
Tweedsmuir Provincial Park and simultaneous geo-
graphically isolated outbreaks in southern BC. Examina-
tion of genetic structure can differentiate among these
alternate hypotheses, with genetic homogeneity across a
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Fig. 1 Map of mountain pine beetle sampling locations in BC
and Alberta. Sampling locations in 2005/06 are represented by
light colour circles (red) and 2007/08 sampling locations are
represented by dark (blue) circles. One location, Cypress Hills
(CH) on the Alberta Saskatchewan border (GPS coordinate
49.6130, -110.1884 sampled in 2008) is not shown in the map.
The location name, GPS location, year sampled and number of
beetles genotyped (N) are given in Table 1.

landscape supporting a single epicentre and genetic
structure correlated with geographic distribution sup-
porting multiple outbreaks.

Our understanding of the development of the current
epidemic is hampered by a paucity of data regarding
long distance dispersal (Safranyik & Carroll 2006).
Mark-recapture techniques to characterize long distance
dispersal and their contribution to outbreak develop-
ment are not economically feasible (e.g. Salom &
McLean 1990), and prior genetic techniques (e.g.
RAPD—Calpas et al. 2002) have not produced informa-
tive results. However, microsatellites provide a power-
ful tool for investigating population structure,
colonization patterns and characterization of migration
and dispersal patterns (Balloux & Lugon-Moulin 2002).
Most population genetic studies of bark beetles support
the idea that significant geographic barriers, such as
mountain ranges (e.g. Horn et al. 2006) and large
deserts (e.g. Mock ef al. 2007), can prevent or limit
inter-population gene flow, causing genetic differentia-
tion among population. Studying patterns of gene flow
can provide critical information for both preventative
and reactive forest management, and may prove useful
for predicting future climate-induced range changes.
Specifically, if populations that breached the geographic
barrier of the Rocky Mountains show similar genetic
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diversity to source populations, it is likely that evolu-
tionary potential is high, allowing rapid adaptation and
further expansion to the east. Furthermore, a lack of
genetic structure and a high amount of gene flow may
indicate that management efforts in one region would
be applicable across a species’ range (Schrey et al.
2011). In contrast, evidence of genetic structure may
indicate the need for area-specific management strate-
gies. MPB outbreaks throughout western North Amer-
ica provide a unique opportunity to explore the effects
of genetic heterogeneity on an organism’s response to
climate change at the landscape level.

The aim of this study was to characterize the spatial
genetic structure and dispersal patterns of D. ponderosae
over the current epidemic area in western Canada using
microsatellites. More specifically, the first objective was
to examine the hypotheses that mountain ranges in Brit-
ish Columbia serve as barriers to gene flow, resulting in
significant patterns of genetic differentiation concordant
with geographic distribution. This will provide an
assessment of the historic gene flow among the indige-
nous beetle populations in western Canada. The second
objective was to use measures of genetic similarity to
characterize dispersal patterns, and thereby infer the
origin(s) and spread of the current outbreak. The third
objective was to assess whether or not range expansion
across the Rocky Mountain barrier was associated with
significant loss of genetic variation, which has implica-
tions for establishment potential and further north and
east range expansion.

Materials and methods

Site selection and beetle collection

Beetles were collected from lodgepole pine or lodge-
pole x jack pine hybrids in British Columbia and
Alberta from 2005 to 2008, either in the winter or
spring prior to summer dispersal in each year (Fig. 1).
Sample sites were selected based on current and past
mountain pine beetle outbreak activity. In 2005 and
2006, a wide range of sites were sampled. In 2007 and
2008, sampling primarily targeted the newly infested
areas at the eastern edge of the outbreak, with the
intention of identifying the origin of recent dispersal
flights. Attacked trees in Alberta were selected from
fall aerial survey data collected by the Alberta Ministry
of Sustainable Resource Development. Trees within 80
km of log yards were not sampled, to minimize possi-
ble bias because of anthropogenic transport of poten-
tially infested trees. During the entire period, a total of
85 sites were sampled. Following Balloux & Lugon-Mo-
ulin (2002), sample sites in close proximity, those with
similar landscapes and lacking obvious geographic



2934 G. D. N. GAYATHRI SAMARASEKERA ET AL.

barriers, were initially analysed separately. These sites
were pooled into a single sample location if there were
no significant spatial or temporal evidence of diver-
gence (Fsy and Fig). A total of 47 geographic sample
locations were identified, but to enable comparisons
between all 2005/06 and 2007/08 sample locations, sites
sampled in 2005/06 in Golden (GO) and Grande Prairie
(GP) were not pooled with those collected in 2007/08.
This resulted in 49 sample locations that were used for
analysis of population structure (Table 1).

At each site, beetles were exclusively sampled from
lodgepole pine or from lodgepole x jack pine hybrids to
avoid the potentially confounding influence of beetles
taken from different host trees (Langor & Spence 1991;
but see Mock et al. 2007). At the time that the beetle
samples were collected in Alberta, MPB had not yet
spread to forests containing jack pine. Before sampling,
trees were inspected for MPB attack and colonization
by identification of diagnostic entrance holes in the
bark, followed by bark removal to confirm the presence
of MPB larval galleries. We sampled 13-20 infested
trees separated by a minimum of 10 m at each site. In
most cases, beetles were collected from separate galler-
ies from each of the four sides of the tree. For each tree,
a GPS location was taken and beetles were collected in
95% ethanol on site (2005/06 summer collections) or a
10 cm bark disc containing a gallery was removed and
stored at 4 °C for processing in the lab (2007/08 winter
collections). All samples were stored at —20 or —80 °C
prior to genetic analysis.

DNA extraction and evaluation

One beetle per gallery was randomly selected for
genetic analysis to ensure each analysed beetle had
different parents. DNA was extracted using a standard
phenol/chloroform procedure (Sambrook & Russell
2001) or a DNeasy 96 Blood and Tissue Kit (Qiagen,
Toronto, ON, USA) using the manufacturers protocol.
DNA was resuspended in Tris-EDTA (pH 8.0) or eluted
in the supplied buffer and the concentration normalized
using a NanoDrop® ND-1000 UV-Vis Spectrophotome-
ter (Thermo Scientific, Waltham, MA, USA).

Microsatellite amplification

A total of 4607 beetles were genotyped at 16 beetle-spe-
cific microsatellite loci using four co-amplification (four
loci each) procedures (Davis et al. 2009). Amplified
fragments were co-loaded into two injections on an AB
3730 DNA analyzer and band sizes were determined
relative to GeneScan-500 LIZ (AB) and scored using
GENEMAPPER software. One locus, MPB012, proved unre-
liable and one locus, Dpo486, was shown to be sex

linked (Davis et al. 2009). Both were removed from fur-
ther analysis.

Hardy—-Weinberg equilibrium and linkage
disequilibrium

Genotypic data from each site were checked for Hardy—
Weinberg Equilibrium (HWE) across loci and sites
using an expansion of Fisher’s exact test. To ensure that
all loci were independently assorting at all sites, linkage
disequilibrium (LD; Slatkin & Excoffier 1996) was
assessed using a likelihood ratio test. Statistical signifi-
cance was evaluated both before and after sequential
Bonferroni correction for multiple tests (Holm 1979;
Rice 1989). All analyses were conducted using ARLEQUIN
3.1.1 (Excoffier et al. 2005).

Genetic diversity

Gene diversity and allelic richness were used to
describe patterns of genetic diversity across the study
area. Observed and expected heterozygosity were calcu-
lated for each sample location using the MICROSATELLITE
TooLKIT (Park 2001). We modelled mean expected het-
erozygosity and allelic richness for each sample location
as a function of latitude using linear regression. Allelic
richness was corrected for variation in sample size
through rarefaction (Petit et al. 1998) implemented in
FSTAT 2.9.3.2 (Goudet 2001) and sampling locations with
fewer than 30 beetles were excluded. Patterns of genetic
diversity were studied for the entire study area as well
as within the main clusters identified by Bayesian anal-
ysis for population structure as described below.

Population structure

Population genetic structure was examined using three
Bayesian approaches. We first used STRUCTURE 2.3.1
(Pritchard et al. 2000; Falush et al. 2003) assuming an
admixture model and correlated allele frequencies.
Analyses were done without prior sampling informa-
tion. After examining the effects of parameters on out-
come and variance, each run with STRUCTURE was
performed with 10 000 burn-in and 10 000 MCMC
steps. Default values were maintained for all other
parameters. Population structure was tested at K values
ranging from 1 to 49 with ten replicates, followed by 20
replicates each at K =1-10. The best value of K was
chosen using the second order rate of change (AK)
method suggested by Evanno et al. (2005). To correctly
assess the membership proportions (g values) for clus-
ters identified by sTRUCTURE, the results of 20 replicates
at the best fit K were post-processed using cLumrp 1.1.2
(Jakobsson & Rosenberg 2007). These values were used

© 2012 Blackwell Publishing Ltd
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Table 1 Sampling locations (49), by region, for the mountain pine beetle with GPS locations, year sampled, number of beetles geno-
typed (N) (number of sites, in locations with more than one collection are given in brackets), mean observed heterozygosity (H,),
mean expected heterozygosity (H.), mean number of alleles (N,), allelic richness (Ag) and inbreeding coefficient (Fs) are shown

Location Code Latitude (N) Longitude (W) Year Sampled N H, H, Na Ar Fis

Rocky Mountains

Pine Pass PP 55.6352 122.2522 2006 38 0492 0496 4.69 452 NS
Willmore Wilderness WW 53.3421 119.4744 2006 37 0514 0.533 546 526 NS
Kakwa' KA? 53.8036 119.6004 2007/08 280 (6) 0.522 0.524 792 522 NS
Mount Robson MR 52.8949 118.7348 2005 45 0583 0.609 6.69 6.32 NS
Banff BA 51.1779 115.5588 2006 52 0.633 0.626 6.69 595 NS
Lake Louise LL 51.4172 116.1793 2006 42 0.610 0.629 646 612 NS
Canmore’ CAf 50.9852 115.3086 2007/08 472 (7)  0.609 0.627 1131 6.55 0.028**
Kootenay KO 50.6435 115.9786 2005706 44 (2) 0.643 0.644 6.54 6.16 NS
Golden GO 51.2402 116.6555 2005 39 0.653 0.624 7.08 6.67 NS
Golden® Got 51.3094 116.7834 2008 274 (3) 0.621 0.625 10.92 6.60 NS
Yoho! YO 51.1229 116.2908 2008 154 2) 0.645 0.635 931 6.51 NS
Crowsnest Pass’ cpt 49.7485 114.5360 2007/08 99 0.639 0.637 800 6.14 NS
Sparwoodf spt 49.8046 114.8557 2008 217 3) 0.612 0.631 1092 6.53 0.029**
Northeast of Rocky Mountains
Tumbler Ridge TR 54.9301 121.2959 2005706 32(2) 0519 0515 492 492 NS
Tumbler Ridge+ TR* 55.2598 121.4616 2008 307 (4) 0485 0.488 6.92 463 NS
Grande Prairie GP 54.7540 118.9333 2006 33 0462 0478 477 473 NS
Grande Prairiet Gprt 54.9332 119.1002 2007/08 434 (6) 0.482 0.489 746 4.64 NS
Fox Creek’ FO' 54.6456 116.6522 2007/08 129 3) 0500 0.494 6.23 468 NS
Fairview" FV 56.4020 119.2572 2007/08 367 (7) 0.492 0.490 6.62 447 NS
Nechako Plateau
Fort St. James FJ 54.6452 124.4203 2005 44 0467 0484 446 425 NS
Francois Lake FL 54.0318 124.9387 2006 53  0.463 0.461 446 4.07 NS
Houston HO 53.9940 126.6527 2006 50 0.486 0.481 500 456 NS
Telkwa TE 54.6674 127.0887 2006 51 0463 0479 454 422 NS
West of Rocky Mountains
Mackenzie MA 54.6963 122.8210 2005 50 0.512 0.503 5.00 4.66 NS
Prince George PG 53.9065 122.8077 2005 48 0492 0516 592 542 NS
Salmon Valley SA 54.2957 122.8949 2006 12 0474 0476 346 NI NS
Norman Lake NL 53.7497 123.4426 2006 65 0473 0484 531 451 NS
McBride MB 53.3116 120.1266 2005 50 0.523 0.541 6.15 560 NS
Valemount VM 52.6739 119.0190 2005 47 0.604 0.614 700 639 NS
Valemount' vM'  52.8994 119.3538 2008 197 (3) 0.568 0.585 923 6.11 0.030*
Cariboo-Chilcotin
Quesnel QU 53.0370 122.2741 2006 55 0510 0.532 6.08 528 NS
Bowron Lake BL 53.2488 121.4172 2006 50 0.515 0.539 638 574 NS
Farwell Canyon FC 51.6665 122.9033 2006 56 0.501 0.531 5.77 520 0.056*
Tatla Lake TA 51.9715 124.4130 2006 49 0487 0.490 531 489 NS
Lac La Hache LH 51.7307 121.5984 2006 48 0.554 0.567 6.31 5.77 NS
Wells Gray WG 51.7411 120.0120 2006 50 0.623 0.620 7.08 643 NS
Coast Mountains
Whistler WH 50.1678 122.9251 2006 43 0.572  0.621 5.69 536 0.079**
Cascade Mountains
Manning Park MP 49.2162 121.0697 2006 46 0.604 0.638 715 644 0.055*
Thompson-Okanagan
Lillooet LI 50.4566 121.6350 2006 48 0571 0.585 6.77 613 NS
Merritt ME 50.0352 120.6562 2006 49 0.614 0.627 723 654 NS
Kamloops KL 50.4859 120.5316 2006 45  0.619 0.642 723 656 NS
Falkland FA 50.5200 119.6018 2006 52 0.623 0.619 731 651 NS
Kelowna KE 49.9965 119.6693 2006 43 0.601 0.603 708 653 NS
Kootenays
Nancy Greene NG 49.2591 117.9275 2006 47  0.660 0.641 715 650 NS
Valhalla VA 49.7503 117.5181 2006 41 0587 0.606 715 6.68 NS
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Table 1 Continued

Location Code Latitude (N) Longitude (W) Year Sampled N H, H. Na Ar Fig
West Arm WA 49.5244 117.2324 2006 13 0.621 0.641 5.00 NI NS
Argenta AR 50.1578 116.9173 2006 48 0.596 0.624 7.54 6.76 0.045*
Kimberley KI 49.5841 116.1417 2005 49 0.625 0.633 7.08 6.45 NS

Southeastern Alberta
Cypress Hills"  CH' 49.6130 110.1884 2008 13 0.604 0.638 4.85 NI NS

NI, not included. NS, nonsignificant.

*P < 0.05, *P < 0.01, **P < 0.001(significant after the sequential Bonferroni correction).
"Locations with beetle, fungal and host samples collected in an integrated fashion.

to generate pie charts separately for each location to
illustrate the geographical pattern of the clusters. A line
was drawn to visualize the possible boundary between
divergent clusters. STRUCTURE and the Evanno method
capture only the uppermost level of structure when
hierarchical levels of structure exist within a population
(Evanno et al. 2005). Therefore, each cluster was further
analysed for nested sub-structures and evaluated with
the Evanno method as described above.

Although structure (Pritchard et al. 2000) is com-
monly used for the analysis of population structure, it
may not correctly identify population structure when
overall Fgr is small (Latch et al. 2006; Waples & Gag-
giotti 2006; Chen et al. 2007). To further explore popula-
tion structure, we used TESs 2.3 (Durand et al. 2009)
which implements a Bayesian clustering algorithm that
uses spatial information to ascertain spatial population
structure and performs well with Fgy values between
0.03 and 0.05 (Chen et al. 2007). With TEss, runs were
done with 10 000 burn-in and 25 000 total sweeps and
default values were maintained for all other parameters.
We assumed no admixture and started the analysis
using K =2; K values were increased until the esti-
mated number of clusters stabilized based on no further
changes in the Deviance Information Criterion (DIC).
Ten replicates were done for each K value. Taking the
value at which DIC stabilized as the upper bound for
the model with admixture, 100 replicates were done
(assuming admixture) at K2-K(upper bound) (Fedy
et al. 2008). The estimated membership probabilities of
the 20 highest likelihood runs of best fit K were aver-
aged using cLumpr (Jakobsson & Rosenberg 2007) to cor-
rect for between-run discrepancies common to cluster
analyses (Chen et al. 2007; Fedy et al. 2008).

BAPs (Corander et al. 2003, 2006; Corander & Martti-
nen 2006) also has been shown to be capable of identi-
fying population structure when Fgr is small (Latch
et al. 2006). BaPs determines optimal partitions for each
K value and then merges the results according to the
log-likelihood values to determine the best K value.
Clustering analysis with the program Baps 5.2 was done

at the level of groups of individuals (population level),
independently using two models (i.e. with and without
spatial information models). Each analysis was done
selecting 249 as K values (2-10 continuously and the
rest with five value intervals up to 45 and then 49 as
final K). Five repetitions were done at each K value.

Genetic differentiation

We partitioned genetic variance among and within clus-
ters using analysis of molecular variance (amova)
carried out in ARLEQUIN 3.11 (Excoffier et al. 2005) based
on pairwise Fsy corrected for unequal sample size using
the method of Weir & Cockerham (1984). To study dif-
ferentiation among clusters, two independent nested
Amovas were carried out in which groups of locations
were based on the results of the Bayesian analyses.
Sample locations were grouped at K =2 (STRUCTURE
results) and K =4 (Baps results) independently. In each
analysis, variance components were calculated (i)
among groups (Fcy), (ii) among locations within groups
(Fsc), and (iii) within sampling locations (Fig). Further-
more, independent amovas were done for each cluster
and each subcluster to compare the level of genetic dif-
ferentiation. Each amova was run with 10 000 permuta-
tions at 0.05 significance levels.

To summarize the population structure and relation-
ships among locations, a neighbour-joining tree was
constructed using the program rorTree2 (Takezaki et al.
2010). For the tree construction, Nei’s genetic distance
was used with 1000 bootstrap replicates, resampling
loci, to assess node confidence.

Gene flow

Relationships between genetic and linear geographic
distances [i.e. isolation-by-distance (IBD)], were exam-
ined using a Mantel test (Mantel 1967). Mantel tests
implemented in Generopr 3.3 (Raymond & Rousset 1995)
were done using the ‘Isolde’ option with 10 000 permu-
tations. To visualize IBD patterns, Fsr/(1-Fsr) estimates
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from GENEPOP were regressed against the logarithm of
geographic distance (Rousset 1997). Following Garnier
et al. (2004), IBD patterns were studied for the whole
study area, as well as within and between the clusters
and subclusters identified in the Bayesian analyses.

Gene flow among locations was assessed using
pairwise Fsr. We considered nominally nonsignificant
pairwise Fsr to indicate recent and/or historical gene
flow between that pair of sample locations. We also used
the program BARRIER 2.2 (Manni et al. 2004) to identify
and graphically visualize barriers to gene flow. BARRIER
uses Monmonier’s (1973) maximum-difference algorithm
to identify likely gene flow barriers (Manni et al. 2004).

To trace the origin of MPB expansion into northern
Alberta, beetles from locations that represent recent
infestation were assigned to a ‘resource dataset’ (i.e. all
data minus the assigned location and secondly, to
explore the temporial patterns, all data minus locations
of interest) using assignment tests in GENEcLAss 2 (Piry
et al. 2004). Beetles from Fox Creek (FO'), Fairview
(FV") and two Grande Prairie locations (GP and GP")
were tested respectively, assigning one sampling loca-
tion at a time. Individual and population assignments
were done using likelihood-based assignment methods
(Paetkau et al. 1995).

Historical demography

Signatures of bottlenecks and/or population expansion
were tested in each sample location with a minimum of
30 beetles using the program BOTTLENECK 1.2.02 (Cornuet

& Luikart 1997). We considered both the stepwise
mutation model (SMM) and the two-phased mutation
model (TPM). For the TPM, the variance was set at
30% leaving 70% proportion of SMM in TPM. Wilco-
xon signed-rank tests were used to determine whether
deviations from mutation-drift equilibrium (MDE) were
statistically significant.

Results

Hardy-Weinberg equilibrium and linkage
disequilibrium

Averaged across all sites for each of the 14 loci,
observed and expected heterozygosity ranged from
0.215-0.820 to 0.145-0.821 respectively (Table 2). Prior
to population genetic analysis of the 49 sampling loca-
tions, HWE and LD were examined at each of the 85
sampling sites. Deviations from HWE at 13 of the loci
were not consistent across 85 sites, i.e. no sites had
more than two loci out of HWE and only 71 out of 1190
total tests (5.97%) were significant before correction for
multiple tests (P <0.05 at o < 0.05). Only three tests
were significant after the sequential Bonferroni correc-
tion was applied for each locus across sites (i.e. P < 0.05
at o < 0.05/85). Hence, those 13 loci were regarded as
loci in HWE. One locus, MPB054, displayed a signifi-
cant deviation from HWE. MPB054 was monomorphic
in 14 sites, whereas tests for HWE showed a significant
deviation in another 41 sites (P < o < 0.05), and in 19
sites after the sequential Bonferroni correction was

Table 2 Loci typed. Total number of alleles (N,), mean expected heterozygosity (H.), mean observed heterozygosity (H,), number
of loci deviated from HWE before and after (in brackets) sequential Bonferroni correction, and fixation indices [Fis, Fsr and signifi-

cant values (**P < 0.001) are shown]

Fixation indices

Locus Na H, H, HWE Fis P Fsr P

Dpo028 19 0.461 0.439 5 0.042 ok 0.056
Dpo103 26 0.820 0.821 3 (1) NS 0.034
Dpo160 38 0.702 0.696 5 (1) NS 0.023 o
Dpo453 2 0.680 0.663 14 0.022 0.008
Dpo479 11 0.655 0.657 5 NS 0.070 ot
Dpo530 9 0.660 0.644 6 (1) 0.030 ok 0.016
Dpo566 12 0.298 0.299 2 NS 0.019 ot
Dpo760 14 0.594 0.588 9 NS 0.031 o
Dpo780 16 0.553 0.550 5 NS 0.026
Dpo793 14 0.557 0.552 3 NS 0.089 ot
MPBO11 10 0.566 0.537 4 0.050 0.014
MPB017 20 0.411 0.403 4 NS 0.024 ot
MPB038 14 0.321 0319 3 NS 0.076
MPB054 11 0215 0.145 41 (19) 0.349 0.067

NS, nonsignificant.
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applied across sites. Illustrated by the large and signifi-
cant Fig value across all sites, these deviations were
because of locus-specific heterozygote deficiencies that
may suggest the presence of a null allele. Therefore,
locus MPB054 was excluded from further analysis.

Significant LD (P < o < 0.05) was detected between
some pairs of loci in some sites, i.e. out of 7735 total
comparisons (14 loci at each of the 85 sites), only 91
tests (1.17%) were significant before the correction for
multiple tests. These were not clustered at any pair of
loci. None of these tests were significant after the
sequential Bonferroni correction for multiple tests, at
any level (i.e. at all loci across all sites, o < 0.05/7735
comparisons, or at all loci within a site, o < 0.05/91
comparisons) suggesting that these loci segregate inde-
pendently.

Genetic diversity

Mean observed and expected heterozygosity among the
49 sampling locations varied between 0.46-0.65 and
0.46-0.64 respectively (Table 1). Mean expected hetero-
zygosity and allelic richness by sample location
declined from south to north with latitude (Fig. 2).

Population structure

We identified two geographically distinct clusters using
sTRUCTURE (Fig. 3) which were supported by the AK cri-
terion (Evanno et al. 2005) and were geographically dis-
tinct. In most locations, >80% of individuals had
similar cluster membership. We were unable to detect
further substructure within either cluster.

We identified a similar boundary between southern
and northern clusters at K = 2 using the program TEss
(not shown in Fig. 4). However, the lowest DIC value
before the plateau was observed at K = 3, which would
yield an east-west subdivision of the southern cluster
into southwest (SW) and southeast (SE) clusters as well
as the northern cluster (Fig. 4). The location Lac La
Hache (LH) close to the boundary between northern
and southern clusters was grouped differently in K = 2
and K = 3 outputs.

Our population level analysis using Bars (without
spatial information) identified four clusters whereas
BAPS (with spatial information) identified three (Fig. 4).
These comprise the same main north and south clusters
identified using STRUCTURE and TEss, as well as further
subclustering of each main cluster. Similar to Tess, the
south was divided into SW and SE subclusters by Bars.
Two locations at the boundary between the southern
subclusters were grouped differently in Baps and TESs
(Fig. 4). In contrast to TEss, the northern cluster was
split into lower (NL) and upper (NU) subclusters by
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Fig. 2 Genetic diversity. (a) Decrease of mean expected hetero-
zygosity (H,) and allelic richness from south to north. (b) Pat-
tern of genetic diversity within southern cluster. (c) Pattern of
genetic diversity within northern cluster. R® significance is
shown by *P < 0.05, **P < 0.005, ***P < 0.0005.

BAPs (without spatial information) analysis. Hereafter,
we refer to K =2 for the two main clusters identified
using the program sTRUCTURE and K =4 for the four
subclusters identified using the program Baps.

In the neighbour-joining tree, locations were desig-
nated according to predicted STRUCTURE, TEss and BAPS
assignments (Fig. 5). A clear division was noted
between the northern and southern clusters defined by
TESs (98% bootstrap support), with the NU and SE
subclusters defined by Baps forming weakly supported
terminal monophyletic groups.

Genetic differentiation

Overall, genetic differentiation was low (amova
Fsr = 0.037), but significant (P < 0.00001). We observed
significant genetic differentiation between the northern
and southern clusters (nested amova at K =2 sTRUC-
TURE clusters; Fer = 0.057, P < 0.00001). Similarly, there
was significant genetic differentiation between K =4
clusters identified using BAPS (Fer = 0.045,
P < 0.00001). The level of population structure was

© 2012 Blackwell Publishing Ltd



SPATIAL GENETIC STRUCTURE OF MOUNTAIN PINE BEETLE 2939
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Fig. 3 STRUCTURE analysis of mountain pine beetles individuals in Western Canada. (a) Mean log probability of data LnP(D) over 10
runs for each K value as a function of K (error bars represent standard deviation). (b) Evanno’s ad hoc statistic; AK as a function of K
(over 20 replicates). (c) North and south clusters. Pie charts are based on proportion of membership of each predefined sampling
location in each of the K = 2 clusters with prior sampling data not used. Solid line represents the boundary or the 0.50/0.50 member-
ship isocline between two main clusters. The 80% membership isoclines in each cluster are represented by the dashed lines.

— STRUCTURE and
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Fig. 4 Subclustering pattern of MPB in western Canada. Results of the TEss, Bars (with and without spatial information), and BARRIER
analyses were overlaid on top of STRUCTURE results. Pie charts are based on STRUCTURE results at K = 2.

slightly greater among locations within the southern
main cluster (Fsr = 0.0075, P < 0.00001) than within
the northern cluster (Fst = 0.0048, P < 0.00001). Fur-
thermore, the genetic differentiation between subclus-
ters (Fcr) within the southern cluster was slightly
higher (0.0080) than that in the northern -cluster
(0.0064) (both P < 0.00001). When each subcluster was

© 2012 Blackwell Publishing Ltd

analysed independently, the highest among-location
variation was found within the SW (Fst = 0.0085,
P < 0.00001) and the lowest was found within the NU
subcluster (Fst = 0.00122, P = 0.0018). Among location
variation within the SE and NL subclusters were
intermediate at Fst = 0.0018 (P < 0.00001) and 0.0028
(P < 0.00001) respectively.
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BAPS identified four clusters
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Fig. 5 Neighbour-joining tree of MPB sampling locations
based on pairwise Nei’s genetic distance. Bootstrap values
>50% are shown are the respective nodes. STRUCTURE, TEss and
BAPs identified clusters were overlaid on the tree. Sampling
locations with samples sizes <15 are noted by red dotes.

The gradient of declining diversity from south to
north was apparent within each cluster, but more pro-
nounced in the north (Fig. 2). The relationship was sta-
tistically significant for both heterozygosity and allelic
richness within the northern cluster (Fig. 2c) whereas
in the southern cluster only the gradient in expected
heterozygosity was significant (Fig. 2b). Furthermore,
when locations were pooled into a northern or southern
cluster (2338 and 2269 beetles, respectively), more allele-
s/locus (and hence more private alleles) were detected
in the southern cluster (16.92 mean alleles per locus,

6.62 private alleles) than in the northern cluster (10.69
mean alleles per locus, 0.39 private alleles).

Gene flow

There was a highly significant IBD relationship across
the whole range studied (Fig. 6a). The slope of the rela-
tionship between comparisons within the southern clus-
ter was steeper than within the northern -cluster
(Fig. 6a). IBD between locations in the two main clus-
ters was highly significant (Fig. 6b). A strong and sig-
nificant IBD effect also could be observed between
subclusters within the southern group whereas the IBD
effect between the two subclusters within the northern
group was relatively low. Within each of the four subcl-
usters, significant IBD patterns were detected in SE, SW
and NL, but not within the NU subcluster (Fig. 6c,d).

When program BARRIER was used to identify likely
barriers to gene flow, the primary barrier corresponded
to the boundary between the two main clusters whereas
the secondary barrier corresponded to the boundary
between the two subclusters in the northern group
(Fig. 4).

Routes of gene flow were also examined using non-
significant pairwise Fgr values, which may reflect recent
gene flow between sampling locations. The percentage
of pairwise Fsr values not significantly different from 0
(considering locations with sample sizes of at least 30)
was 37.7% (N =276 comparisons) within the southern
cluster, and 31.2% within the northern cluster (N = 231
comparisons). In contrast, almost all pairwise Fsr values
between locations in the two main clusters were signifi-
cantly >0 (except for five locations pairs that were close
to the boundary out of 528 total comparisons; Fig. 7a).
When comparisons within each of the four subclusters
were considered, 40% (SW) 67.9% (SE), 68.8% (NL)
and 71.2% (NU) of the pair-wise Fsr comparisons were
not significantly different from 0. In contrast, the
percentage of nonsignificant comparisons between loca-
tions in SW and SE was 17.5% and between locations
in NU and NL was 8.3%. All pairwise Fgr values (at
P = 0.05) involving Whistler (WH) were significant.

The samples collected from new and expanding loca-
tions of the current epidemic in Alberta [Fox Creek (FO),
Fairview (FV) and Grande Prairie (GP); Wood & Unger
1996; Safranyik & Carroll 2006; Raffa et al. 2008)], were
genetically differentiated from all southern cluster loca-
tions, and genetically indistinct from most northern ones
(Fig. 7b). For example, Tatla Lake and Fox Creek were
not significantly differentiated, despite the large geo-
graphical distance (~596 km) between the two locations.

Assignment tests (GENECLASS) were also used to explore
possible source locations for sampling locations north-
east of the Rocky Mountains. Individuals from the

© 2012 Blackwell Publishing Ltd



SPATIAL GENETIC STRUCTURE OF MOUNTAIN PINE BEETLE 2941

® Between Southern and Northem clusters == ® Swvs Nclusier, 7 = 0,44*", y = 0.0403x - 0.1855
= ® Within Southem, R¥= 0.34**, y = 0.0081x - 0.0352 = @ SWys SE R= 045" y=0.0203x = 01057
= ¥ Within Northem, /7= 0,08, y = 0.0038x - 0.0136 = % HNLvs NU, R%=0.04*, y=00037x - 0.0093
015 - —— All Data, 7= 047", y= 0036 - 01729 015 b
(a) (b)

010 4

005 4

0.00 o
=
|2
%
= 008 4
=
=
o
-
g o1 (c) 085 (d)
£ — & SW subcluster, 2= 0,15, y = 0.004x - 0.0136 sevs @ NUsubcluster, R7= 0,002, y =0,0003x + 00017
S oM —— ©® SE subciuster, R?= 0.23*, y = 0.0044x - 0.018 o.04 4 —— & NLsubcluster, R7= 0,15, y = 0.0032x - 0.0135
£

3

& 003 . 0.0
15 ]

002 ¢ = 0.02 4

- 11:0.0' .
& ey .
001 0.014 -u"..
&% ®e
smmndl
000 . 0,00 4 -
oA N
-
0M 001
3 4 5 [ 7 3 4 5 ] 7

Ln{geographical straight-line distance){km)

Fig. 6 Isolation-by distance (IBD) analysis within (w/n) and between (b/w) clusters identified. Regression of genetic differentiation
[estimated by Fsr/(1-Fsr)] against logarithm of geographical distances (km) based on Rousset (1997). (a) IBD across the study area
and within each main clusters; (b) IBD between clusters; (c) IBD within southern subclusters; (c) IBD within northern subclusters. R?
significance is shown by *P < 0.05, **P < 0.005, ***P < 0.0005.

(a) Between North and South Clusters

e £
100200 300 400
L0 S 2

100 200 300 400 t
(=
km

— STRUCTURE and BAPS (without spatial — BAPS (without spatial information) defined
information) defined north-south boundary boundary between subclusters
= = BAPS (with spatial information) and TESS — BARRIER defined barriers to gene flow

defined north-south boundary

Fig. 7 Interconnected sampling locations. Solid lines between locations represent connections (i.e. nonsignificant pairwise Fsr), (a)
between sampling locations of the southern and northern clusters and (b) connections to expansion sampling locations in Fairview
(FVY), Fox Creek (FO'), Grande Prairie (GP' and GP). Results were overlaid on the relevant STRUCTURE, BAPS, TESS and BARRIER results
(Fig. 4). Pie charts are based on sTRUCTURE results at K = 2. The relative location of Tweedsmuir Provincial Park (TM) to the sampling

locations is shown.

2007/2008 sampling locations Tumbler Ridge, Fairview, locations. Consistent with the shallow genetic divergence
Fox Creek, Grande Prairie and from the 2006 Grande noted, few exclusions occurred in the probability-based
Prairie locations were assigned to all other sampling analysis. Likelihood-based analyses, however, indicated
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Table 3 Results of likelihood-based assignment tests for loca-
tions in northern Alberta compared to all other locations. The
rank (top 5) and score (%) are estimated by GENEcLass2. The
scores given are based on frequency based likelihood-based
method (Paetkau et al. 1995). Locations codes are found in
Table 1

Source Rank
location &
Location assignment 2 3 4 5
tested  score (%)
FO' Assigned to TR"  GP*  FV'  KA' MA
Score 98.65 1.34 0.01 0 0
FV* Assigned to GP*  TR'  FO'  KA' FL
Score 100 0 0 0 0
GP* Assigned to TR"  FV'  FO' PP MA
Score 100 0 0 0 0
GP Assigned to GP*  FO' TR’ MA F
Score 95.25 3.28 0.99 0.25 0.21

that individuals were most likely of the NU subcluster
origin. For 70.2% of 1270 individuals tested the top like-
lihood score was of NU origin whereas 98.2% was of
northern cluster origin. Similar percentages were
observed for all five sampling locations tested.

In the sampling location level analysis, sampling loca-
tions northeast of the Rocky Mountains were assigned
only to the other tested locations in the NU cluster at
scores greater than 95% (Table 3). When the same tests
were done after removing all tested locations (Table 4),
all of the 2007/08 locations assigned to the 2006 Franc-
ois Lake sampling location (NU cluster, scores >99%).

Table 4 Results of likelihood-based assignment tests for loca-
tions northeast of the Rocky Mountains compared to all other
locations*. The rank (top 3) and Score (%) are estimated by
GENECLASS2. The scores given are based on frequency based like-
lihood-based method (Paetkau et al. 1995). Locations codes are
found in Table 1

Rank

Source location &
Location tested assignment score (%) 1 2 3
FO' Assigned to FL PP TE

Score 99.72 0.28 0
FV* Assigned to FL MA PP

Score 99.98 0.02 0
GP* Assigned to FL MA PP

Score 100 0 0
TR' Assigned to FL MA PP

Score 100 0 0
GP Assigned to MA FJ FL

Score 97.91 2.09 0

*The locations GP, GP', FO', FV' and TR" were not included in
the reference dataset.

In contrast, the 2006 Grande Prairie sample was
assigned to a 2005 Mackenzie location (NU subcluster,
scores >97%).

Historical demography

No signature of a recent bottleneck event was detected
in any location. However, significant deviations
(P < 0.05) from mutation drift equilibrium may suggest
population expansion (i.e. expected heterozygosity less
than heterozygosity at equilibrium), which was found
under the stepwise mutation model in all locations
except Whistler (WH). Under the two-phase model
(TPM), evidence for expansion was detected in 27 loca-
tions including most of the locations at the eastern edge
of the epidemic (Table 1).

Discussion

The mountain pine beetle in western Canada exhibits
significant population genetic structure. We identified a
clear north-south clustering pattern using all three
Bayesian approaches. Only one location at the boundary
between the main northern and southern clusters, Lac La
Hache (LH), was inconsistently classified. Approxi-
mately, 5.7% (P < 0.00001) of the genetic variance was
partitioned by amova between the northern and southern
clusters, and the primary barrier to gene flow delineated
by the program BARRIER corresponded with the north-
south cluster boundary. Furthermore, patterns of pair-
wise Fgr > 0 and the presence of private alleles within
each of the two main clusters also indicate restricted
gene flow (Allendorf & Luikart 2007). This indicates that
the strongest barrier to gene flow within the studied area
exists between the north and south clusters.

The observed population structure may be explained
by a number of nonmutually exclusive hypotheses,
including:

1 The existence of physical or climatic barriers,

2 Differing selective pressures between the northern
and southern habitats,

3 The post-glacial expansion of mountain pine beetles
into the northernmost portions of their historic range.

Previous studies of the mountain pine beetle support the
role of geographic barriers, such as mountain ranges and
large distances, in limiting gene flow and causing diver-
gence among populations (Stock & Guenther 1979;
Langor & Spence 1991; Kelley et al. 2000; Mock et al.
2007). Similar findings have also been noted in studies of
other bark beetles (Coleoptera: Curculionidae: Scolytinae)
in North America (e.g., Stock et al. 1979; Roberds et al.
1987; Kelley et al. 1999; Six et al. 1999; Cognato et al. 2003;
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Maroja et al. 2007) and Europe (e.g. Stauffer et al. 1999;
Duan et al. 2004; Ritzerow et al. 2004; Faccoli et al. 2005;
Horn et al. 2006). In this study, however, there exists
neither a large distance nor an obvious geographic
barrier that separates the northern and southern clusters.
Excluding the recent expansion locations northeast of the
Rocky Mountains, the northern cluster beetles are gener-
ally found on the Chilcotin, Cariboo and Nechako
Plateaus, in an area jointly known as the Fraser or Central
Plateau. Here, the primary host, lodgepole pine, is found
in large continuous forest stands (Taylor & Carroll 2004).
In contrast, the beetles in the southern cluster are found
in more mountainous habitats, where the suitable host
trees are generally found in a more patchy spatial distri-
bution along the valley slopes (Ritchie 2008).

It is not clear why the transition from mountain habi-
tat to the northern plateau would limit gene flow from
the southern beetles into this region, although biological
or climatic factors may be involved. Ongoing studies
are looking at the possible roles of host availability, host
genotype, the presence and diversity of fungal associ-
ates and other geographic or climatic features.

A hypothesis of post-glacial expansion predicts that
populations are the oldest in the southern part of
Western Canada, as these areas would have been colo-
nized first following glacial retreat (Abbott & Brochmann
2003; Beatty & Provan 2010). In the presence of limited
gene flow, newly founded populations are expected to
contain lower levels of diversity. Genetic diversity
should, thus, decline from south to north. Such a pattern
has been demonstrated in many taxa (Hewitt 1999, 2004;
Schoville et al. 2011), including species endemic to the
Pacific Northwest (e.g. Green et al. 1996) indicating this
is a common scenario in post-glacial colonization. The
predicted genetic pattern is concordant with the
observed diversity gradient, i.e. reduction in heterozy-
gosity, allelic diversity and numbers of private alleles,
from south to north reported in this study and in a previ-
ous range-wide study of mtDNA and AFLP variation
(Mock et al. 2007). Based on a smaller, but more widely
spaced, number of sampling locations, Mock et al. (2007)
reported a decrease in genetic diversity north and south
from central popularions in Idaho/Utah. The current
study allows a fine scale analysis of this pattern at the
northern extent of the range in western Canada. The gra-
dient is more pronounced within the northern cluster
than the southern cluster. Colonization within the north-
ern cluster seems to follow the pattern predicted in the
stepping stone colonization model (Slatkin 1991). Long-
term persistence of beetles in the southern cluster, and
hence, a likely series of complex historic events, may
have disrupted this pattern within the southern cluster.

In terms of post-Pleistocene expansion, our results
suggest that Dendroctonus ponderosae repopulated
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Western Canada from a single refugium south of the
continental ice sheet. The existence of such a refugium
during the last glaciation is supported by genetic
(Marshall et al. 2002; Fazekas & Yeh 2006; Godbout
et al. 2008) and fossil pollen data (MacDonald &
Cwynar 1985, Cwynar & MacDonald 1987) for Pinus
contorta var. latifolia, the beetle’s primary host. The
mountain pine beetle may have also persisted in minor
coastal refugia, which were populated by P. contorta
var. contorta, the shore pine (Heusser 1960; Peteet 1991;
Fazekas & Yeh 2006; Godbout et al. 2008). Furthermore,
recent genetic and pollen evidence support another pos-
sible refugium of flora and fauna during the last glacia-
tion, in the Beringia region (Brubaker et al. 2005;
Anderson et al. 2006; Beatty & Provan 2010). However,
our study does not support a spread of beetles from
that region (i.e. no decline in diversity from the north-
west).

The evidence for population structure within clusters
was not as strong as that found between clusters. Sub-
clustering within the southern cluster was identified by
both TEss and BAps, whereas subclustering within the
northern cluster was identified only by Bars. The second
likely barrier to gene flow identified by BARREER sup-
ported the subclustering of the northern cluster defined
by Baprs. The genetic differentiation between subclusters
in either the northern or southern subclusters
(Fer = 0.0064 and 0.008, respectively) was seven to nine
times lower than that found between the clusters
(Fer = 0.057). In the southern cluster, this structure may
simply reflect the spatial IBD trends observed in the
data and not have any further biological significance. In
the northern cluster, however, where IBD trends are
weaker (and even lacking in the NU subcluster), this
structure is most likely the signature of the rapid north-
eastern expansion of the beetles in the current outbreak.
In this regard, the NU subcluster can be viewed as an
expanding group that originated in the northern cluster.

Among the four subclusters, the NU subcluster is
characterized by a lack of IBD, the lowest genetic differ-
entiation among locations (Fsr), and the least genetic
diversity. Collectively, these findings indicate a lack of
equilibrium between genetic drift and gene flow and
are consistent with the recent expansion of MPB. Pair-
wise Fsr values in the NU subcluster vary within a
small range (Fig. 6b) and are generally nonsignificant,
indicating a nonequilibrium situation in which gene
flow dominates over drift (Hutchison & Templeton
1999). Hence, the lack of IBD in the NU subcluster is
most likely because of both long distance dispersal
events and recent age. Low levels of differentiation can
be because of high gene flow among locations and/or
the recent origin of beetles from one or a few common
sources. As Namkoong et al. (1979) reported, a region-
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wide homogenization of population allele frequencies
typically occurs when epidemics spread from epicentres.

The comparative lack of mountain ranges in the north
vs. the south, as well as the contiguous cover of suscep-
tible hosts over the large Central Plateau of northern
BC, may have facilitated more gene flow in the north
once climatic constraints were removed (Carroll et al.
2004). Field observations combined with the results of
this study support the assumption that the mountain
pine beetle outbreaks in the NU cluster are mainly
because of long-distance dispersal from an epicentre.
Large numbers of mountain pine beetles were not
reported northeast of the Rocky Mountains in northern
Alberta prior to the current outbreak. These represent
the best locations to study assumptions of dispersal.
Indeed, the movement of beetles into this region was so
pronounced in the summer of 2006 (corresponding to
the 2007 sample) that it was described as “‘beetle rain”.
Assignment tests clearly show that the likely origin of
the 2007/2008 samples northeast of the Rocky Moun-
tains were from NU subcluster locations west of the
Rocky Mountains. Previous studies have reported the
long-distance dispersal events of bark beetles by atmo-
spheric winds (Furniss & Furniss 1972; Safranyik et al.
1992; Jackson et al. 2008, Westfall & Ebata 2008) and
beetles have been captured moving eastward over the
Rocky Mountains (Jackson et al. 2008). Consistent with
observational data (D. Lux, personal communication),
the pre-2007 Grande Prairie samples were assigned to a
different location west of the Rocky Mountains, suggest-
ing multiple waves of immigration.

The results show that the beetles in northern Alberta
are mainly or completely from northern BC. Twee-
dsmuir Provincial Park, located in west-central BC, has
been implicated as a primary epicentre of the current
outbreak (Aukema et al. 2006). Although the data set
did not include beetles from the park itself, the Houston
site just to the north of the park and Tatla Lake just
south of the park may be considered surrogates for the
Tweedsmuir beetles. Indeed, the Tatla Lake area is close
to one of the first regions that erupted in the mid-1990s
during the onset of the current epidemic. As both these
locations are part of the NU subcluster, our results are
consistent with the Tweedsmuir Park area being an epi-
centre and the primary source of the NU cluster of the
outbreak.

Consistent with the large population density of MPB
outbreak populations, no loss of genetic variation was
associated with the northeastern range expansion. Simi-
lar results have been noted in other eruptive insects
(Berthier et al. 2006; Chapuis et al. 2008) and other
invasions with high numbers of founders or multiple
waves of founders (Dlugosch & Parker 2008; Uller &
Leimu 2011). The retention of the genetic variation sug-

gests that the newly established population will possess
the full evolutionary potential of the source population,
and thus may have a higher likelihood of adapting to
the novel host environment than populations experienc-
ing founder effects. However, a recent meta-analysis of
119 human-mediated range expansions did not find a
relationship between genetic variation and invasiveness
(Uller & Leimu 2011) suggesting that genetic variation
alone does not predict the success of range expansion.
Despite observational evidence of successive waves of
immigrants in multiple years, the evidence does not
support a role for the southern cluster in the northeast
range expansion. Beetles either have not dispersed from
the southern cluster to northern Alberta or the southern
beetles have not survived in northern Alberta because
of lack of adaptations to this less climatically suitable
region. Furthermore, the genetic similarity with the
northern cluster beetle would predict that the expansion
and source populations have similar biological charac-
teristics and should respond in the same way to man-
agement efforts.

Although Aukema et al. (2006) found evidence for a
northern epicentre in Tweedsmuir Provincial Park, they
also found simultaneous geographically isolated out-
breaks in southern BC. The existence of genetic diversity
gradients and substructure during the outbreak clearly
support multiple epicentres across BC. Furthermore, the
presence of IBD patterns indicates the long-term persis-
tence of beetle populations at locations throughout most
of the study area. If IBD exists in an area of concern it
reveals that equilibrium has most likely been reached
between the gene flow and genetic drift (Slatkin 1993), a
situation that may take thousands of generations to
develop (Johnson et al. 2007). The factors governing the
epidemics in the locations in the southern cluster seem
to be mainly because of the expansion of numerous
endemic-phase native populations. An extended tempo-
ral analysis of variation would be required to assess
whether the current outbreak will lead to the homogeni-
zation of gene frequencies among the southern outbreaks
or not. However, the existence of IBD suggests the his-
toric importance of geographic barriers, presumably
mountain ranges, to limit gene flow. The isolated nature
of locations in the southern cluster is confirmed by the
high among-location differentiation and the low percent-
age of nonsignificant pairwise Fsr comparisons. The
Whistler (WH) sampling location can be viewed as an
extreme example of an isolated outbreak in the southern
cluster. Among all locations studied, Whistler showed
unique characteristics including being the only location
with all pairwise Fsr values significant and a lack of evi-
dence of population expansion with the program BOTTLE-
NECK. Whistler is close to the west coast of BC. The
predominant west to east atmospheric wind direction
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during the summers would not favour passive beetle
movement into this location from the more easterly loca-
tions sampled.

Range expansion of the mountain pine beetle north-
eastward across the Rocky Mountains and into the
lodgepole and subsequent jack pine forests of the boreal
forest is a major concern (Rice et al. 2007; Cullingham
et al. 2011). Climate modelling predicts that climatic
suitability for the beetles will continue to increase in
this region (Carroll et al. 2004; Safranyik et al. 2010).
Mountain pine beetle outbreaks are not considered
endemic to these forests and a series of recent success-
ful invasions into northern Alberta have been recorded
(Raffa et al. 2008; Cullingham et al. 2011). Our study
clearly shows that the spread of beetles into northern
Alberta has occurred mainly from northern BC. Our
results point to the need for further investigations as to
the adaptive differences among beetles in western Can-
ada that may explain their current geographic distribu-
tion (and possibly the limitations of) as well as their
successful dispersal into the boreal forest of Canada.
Finally, our results indicate that MPB, like other erup-
tive organisms (Berthier et al. 2006; Chapuis et al.
2008), retains most of its genetic variability during
mass dispersal events, and hence northern Alberta
populations are likely to have retained the evolutionary
potential necessary for adapting to the novel host jack
pine. With continued climate change reducing climatic
constraints, a further range extension into eastern
Canada and United States, as predicted by Logan &
Powell (2001), will not be associated with loss of genetic
diversity if current outbreak conditions remain.

Most studies on insect range expansion have focused
on invasions of exotic ants or bees into new environments
(Kenis et al. 2009) or on range shifts mainly in Lepidop-
tera and Odonata (Parmesan 2006). This study describes
the pattern of range expansion in a native eruptive insect
herbivore. It illustrates a rapid range-wide response to
the removal of climatic constraints, and the potential for
range expansion of a regional population. Similar to
MPB, many other insect species have a high reproductive
potential and dispersal ability. In light of ongoing climate
change, the potential for range expansion of other pest
and nonpest insect species is likely high.

Acknowledgements

Financial assistance was provided by the University of North-
ern BC to BSL and BWM, the Forest Investment Account of the
BC Forest Science Program to BSL and BWM, the Government
of Alberta (AAET/AFRI-859-G07) to DWC and JEKC, the
USDA Forest Service Rocky Mountain Research Station to
KEM, as well as grants from Genome Canada, the Government
of Alberta through Genome Alberta, and Genome British
Columbia in support of the Tria I and Tria II projects

© 2012 Blackwell Publishing Ltd

(http:/ /www.thetriaproject.ca) to JEKC, DWC and BWM.
PMA] is the recipient of a Killam Post-Doctoral Fellowship. E.
Carlson and B. Shelest assisted with sample collection and
analysis. Assistance with sample collection was also provided
by M. Duthie-Holt, M. Cleaver, S. Bourassa, E. Hunt, D.
Edwards, B. Jones and numerous employees of the Canadian
Forest Service, BC Ministry of Forests and Range, Alberta Sus-
tainable Resource Development, BC Provincial Parks, and
Canadian National Parks. We thank Allan Carroll, Celia Boone
and Barbara Bentz for their critical review of this research. As
this study was conducted under the umbrella of a larger
mountain pine beetle system genomics (TRIA) project our grat-
itude goes out to all project members.

References

Abbott RJ, Brochmann C (2003) History and evolution of the
Arctic flora: in the footsteps of Eric Hultén. Molecular
Ecology, 12, 299-313.

Ainslie B, Jackson PL (2011) Investigation into mountain pine
beetle above-canopy dispersion using weather radar and an
atmospheric dispersion model. Aerobiologia, 27, 51-65.

Allendorf FW, Luikart G (2007) Conservation and the Genetics of
Populations, 1st edn. Wiley-Blackwell publishing, Oxford, p.
222 (642).

Anderson LL, Hu FS, Nelson DM, Petit R], Paige KN (2006)
Ice-age endurance: DNA evidence of a white spruce
refugium in Alaska. Proceedings of the National Academy of
Sciences USA, 103, 12447-12450.

Aukema BH, Carroll AL, Zhu ] et al. (2006) Landscape level
analysis of mountain pine beetle in British Columbia,
Canada: spatiotemporal development and spatial synchrony
within the present outbreak. Ecography, 29, 427-441.

Balloux F, Lugon-Moulin N (2002) The estimation of
population differentiation with microsatellite markers.
Molecular Ecology, 11, 155-165.

Beatty G, Provan ] (2010) Refugial persistence and postglacial
recolonization of North America by the cold-tolerant
herbaceous plant Orthilia secunda. Molecular Ecology, 19,
5009-5021.

Berthier K, Charbonnel N, Galan M, Chaval Y, Cosson J-F
(2006) Migration and recovery of the genetic diversity
during the increasing density phase in cyclic vole
populations. Molecular Ecology, 15, 2665-2676.

Brubaker LB, Anderson PM, Edwards ME, Lozhkin AV (2005)
Beringia as a glacial refugium for boreal trees and shubs:
new perspectives from mapped pollen data. Journal of
Biogeography, 32, 833-848.

Calpas ], Konschuh M, Lisowski S (2002) Preliminary
investigation into developing DNA fingerprints for
““geographically distinct” populations of the mountain pine
beetle Dendroctonus ponderosae (Coleoptera: Scolytidae). Alberta
Agriculture Research Institute Project # 99E252 Final Report: 19 p.

Carroll AL, Taylor SW, Régniere ], Safranyik L (2004) Effects of
climate change on range expansion by the mountain pine
beetle in British Columbia. In: Mountain Pine Beetle
Symposium: Challenges and Solutions, 2003, Kelowna, BC (eds
Shore TL, Brooks JE, Stone JE), pp. 223-232. Natural
Resources Canada, Canadian Forest Service, Pacific Forestry
Centre, Information Report BC-X-399, Victoria, BC.



2946 G. D. N. GAYATHRI SAMARASEKERA ET AL.

Chapman JA (1962) Field studies on attack flight and log
selection by the ambrosia beetles Trypodendron lineatum (Oliv.)
(Coleoptera: Scolytidae). The Canadian Entomologist, 94, 74-92.

Chapuis M-P, Lecoq M, Michalakis Y et al. (2008) Do
outbreaks affect genetic population structure? A wordwide
survey in Locusta migratoria, a pest plagued by microsatellite
null alleles. Molecular Ecology, 17, 3640-3653.

Chen C, Durand E, Forbes F, Frangois O (2007) Bayesian
clustering  algorithms ascertaining spatial population
structure: a new computer program and a comparison study.
Molecular Ecology Notes, 7, 747-756.

Clark EL, Carroll AL, Huber DPW (2010) Differences in the
constitutive terpene profile of lodgepole pine across a
geographical range in British Columbia, and correlation with
historical attack by mountain pine beetle. The Canadian
Entomologist, 142, 557-573.

Cognato Al, Harlin AD, Fisher ML (2003) Genetic structure
among pinyon pine beetle populations (Scolytinae: Ips
confusus). Environmental Entomology, 32, 1262-1270.

Corander ], Marttinen P (2006) Bayesian identification of
admixture events using multi-locus molecular markers.
Molecular Ecology, 15, 2833-2843.

Corander J, Waldmann P, Sillanpdd M] (2003) Bayesian
analysis of genetic differentiation between populations.
Genetics, 163, 367-374.

Corander ], Marttinen P, Maintyniemi S (2006) Bayesian
identification of stock mixtures from molecular marker data.
Fishery Bulletin, 104, 550-558.

Cornuet JM, Luikart G (1997) Description and power analysis
of two tests for detecting recent population bottlenecks from
allele frequency data. Genetics, 144, 2001-2014.

Cudmore TJ, Bjorklund N, Carroll AL, Lindgren BS (2010)
Climate change and range expansion of an aggressive
bark beetle: evidence of higher beetle reproduction in naive
host tree populations. Journal of Applied Ecology, 47, 1036-1043.

Cullingham CI, Cooke JEK, Dang S, Davis CS, Cooke BJ,
Coltman DW (2011) Mountain pine beetle host-range
expansion threatens the boreal forest. Molecular Ecology, 20,
2157-2171.

Cwynar LC, MaDonald GM (1987) Geographical variation of
lodgepole pine in relation to population history. The
American Naturalist, 129, 463-469.

Davis CS, Mock KE, Bentz BJ et al. (2009) Isolation and
characterization of sixteen microsatellite loci in the mountain
pine beetle Dendroctonus ponderosae Hopkins (Coleoptera:
Curculionidae: Scolytinae). Molecular Ecology Resources, 9,
1071-1073.

Dlugosch KM, Parker IM (2008) Founding events in species
invasions: genetic variation. adaptive evolution, and the role
of multiple introductions. Molecular Ecology, 17, 431-449.

Duan Y, Kerdelhué C, Ye H, Lieutier F (2004) Genetic study of
the forest pest Tomicus piniperda (Col., Scolytinae) in Yunnan
province (China) compared to Europe: new insights for the
systematics and evolution of the genus Tomicus. Heredity, 93,
416-422.

Durand E, Chen C, Francois O (2009) TESS 2.3 reference
manual. Available from http://membrestimc.imag.fr/
Olivier.Francois/tess.html.

Evanno G, Regnaut S, Goudet ] (2005) Detecting the number of
clusters of individuals using the software STRUCTURE: a
simulation study. Molecular Ecology, 14, 2611-2620.

Excoffier L, Laval G, Schneider S (2005) Arlequin ver. 3.0: an
integrated software package for population genetics data
analysis. Evolutionary Bioinformatics Online, 1, 47-50.

Faccoli M, Piscedda A, Salvato P et al. (2005) Genetic structure
and phylogeography of pine shoot beetle populations
(Tomicus destruens and T. piniperda, Coleoptera, Scolytidae)
in Italy. Annals of Forest Science, 62, 361-368.

Falush D, Stephens M, Pritchard JK (2003) Inference of
population structure: extensions to linked loci and correlated
allele frequencies. Genetics, 164, 1567-1587.

Fazekas AJ, Yeh FC (2006) Postglacial colonization and
population genetic relationships in the Pinus contorta
complex. Canadian Journal of Botany, 84, 223-234.

Fedy BC, Martin K, Ritland C, Young ] (2008) Genetic and
ecological data provide incongruent interpretations of
population structure and dispersal in naturally subdivided
populations of white-tailed ptarmigan (Lagopus leucura).
Molecular Ecology, 17, 1905-1917.

Furniss MM, Furniss RL (1972) Scolytids (Coleoptera) on
snowfields above timberline in Oregon and Washington. The
Canadian Entomologist, 104, 1471-1478.

Garnier S, Alibert P, Audiot P, Prieur B, Rasplus JY (2004)
Isolation by distance and sharp discontinuities in gene
frequencies: implications for the phylogeography of an alpine
insect species, Carabus solieri. Molecular Ecology, 13, 1883-1897.

Godbout J, Fazekas A, Newton CH, Yeh FC, Bousquet ] (2008)
Glacial vicariance in the Pacific Northwest: evidence from a
lodgepole pine mitochondrial DNA minisatellite for multiple
genetically distinct and widely separated refugia. Molecular
Ecology, 17, 2463-2475.

Goudet J (2001) FSTAT, a program to estimate and test gene
diversities and fixation indices (version 2.9.3). Available from
http://www.unil.ch/izea/softwares/fstat.html. Updated from
Goudet (1995).

Green DM, Sharbel TF, Kearsley J, Kaiser H (1996) Postglacial
range fluctuation, genetic subdivision and speciation in the
western North American spotted frog complex, Rana pretiosa.
Evolution, 50, 374-390.

Heusser CJ (1960) Late Pleistocene environments of north
Pacific North America. American Geographical Society Special
Publication No. 35.

Hewitt GM (1999) Postglacial recolonization of European biota.
Biological Journal of the Linnean Society, 68, 87-112.

Hewitt GM (2004) Genetic consequences of climatic oscillations
in the Quaternary. Philosophical Transactions of the Royal
Society of London B, 359, 183-195.

Holm S (1979) A simple sequential rejective multiple test
procedure. Scandinavian Journal of Statistics, 6, 65-70.

Horn A, Roux-Morabito G, Lieutier F, Kerdelhue C (2006)
Phylogeographic structure and past history of the circum-
Mediterranean species Tomicus destruens Woll. (Coleoptera:
Scolytinae). Molecular Ecology, 15, 1603-1615.

Hutchison DW, Templeton AR (1999) Correlation of pairwise
genetic and geographic distance measures: inferring the
relative influences of gene flow and drift on the distribution
of genetic variability. Evolution, 53, 1898-1914.

Jackson PL, Straussfogel D, Lindgren BS, Mitchell S, Murphy B
(2008) Radar observation and aerial capture of mountain
pine beetle, Dendroctonus ponderosae Hopk. (Coleoptera:
Scolytidae) in flight above the forest canopy. Canadian Journal
of Forest Research, 38, 2313-2327.

© 2012 Blackwell Publishing Ltd



SPATIAL GENETIC STRUCTURE OF MOUNTAIN PINE BEETLE 2947

Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster
matching and permutation program for dealing with label
switching and multimodality in analysis of population
structure. Bioinformatics, 23, 1801-1806.

Johnson JA, Dunn PO, Bouzat JL (2007) Effects of recent
population bottlenecks on reconstructing the demographic
history of prairie-chickens. Molecular Ecology, 16, 2203-2222.

Kelley ST, Mitton JB, Paine TD (1999) Strong differentiation in
mitochondrial DNA of Dendroctonus brevicomis (Coleoptera:
Scolytidae) on different subspecies of ponderosa pine. Annals
of the Entomological Society of America, 92, 193-197.

Kelley ST, Farrell BD, Mitton JB (2000) Effects of specialization
on genetic differentiation in sister species of bark beetles.
Heredity, 84, 218-227.

Kenis M, Auger-Rozenberg M-A, Roques A et al. (2009)
Ecological effects of invasive alien insects. Biological
Invasions, 11, 21-45.

Konkin D, Hopkins K (2009) Learning to deal with climate
change and catastrophic forest disturbances. Unasylva, 60,
17-23.

Kurz WA, Dymond CC, Stinson G et al. (2008) Mountain pine
beetle and forest carbon feedback to climate change. Nature,
452, 987-990.

Langor DW, Spence JR (1991) Host effects on allozyme and
morphological variation of the mountain pine beetle,
Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae).
The Canadian Entomologist, 123, 395-410.

Latch EK, Dharmarajan G, Glaubitz JC, Rhodes JR (2006)
Relative performance of Bayesian clustering software for
inferring population substructure and individual assignment
at low levels of population differentiation. Conservation
Genetics, 7, 295-302.

Logan JA, Powell JA (2001) Ghost forests, global warming, and
the mountain pine beetle (Coleoptera: Scolytidae). American
Entomologist, 47, 160-173.

MacDonald GM, Cwynar LC (1985) A fossil pollen based
reconstruction of the late Quaternary history of
lodgepole pine (Pinus contorta ssp. latifolia) in the western
interior of Canada. Canadian Journal of Forest Research, 15,
1039-1044.

Manni F, Guerard E, Heyern E (2004) Geographic patterns of
(genetic,morphologic, linguistic) variation: how barriers can
be detected by using Monmoniers algorithm. Human Biology,
76, 173-190.

Mantel N (1967) The detection of disease clustering and a
generalized regression approach. Cancer Research, 27, 209-220.

Maroja LS, Bogdanowicz SM, Wallin KF, Raffa KF, Harrison
RG (2007) Phylogeography of spruce beetles (Dendroctonus
rufipennis  Kirby) (Curculionidae: Scolytinae) in North
America. Molecular Ecology, 16, 2560-2573.

Marshall HD, Newton C, Ritland K (2002) Chloroplast
phylogeography and evolution of highly polymorphic
microsatellites in lodgepole pine (Pinus contorta). Theoretical
and Applied Genetics, 104, 367-378.

Mock KE, Bentz BJ, O’'Neill EM et al. (2007) Landscape-scale
genetic variation in a forest outbreak species, the mountain
pine beetle (Dendroctonus ponderosae). Molecular Ecology, 16,
553-568.

Monmonier M (1973) Maximum-difference barriers: an
alternative numerical regionalization method. Geographical
Analysis, 3, 245-261.

© 2012 Blackwell Publishing Ltd

Namkoong G, Roberds JH, Nunnally LB, Thomas HA (1979)
Isozyme variations in populations of southern pine beetles.
Forest Science, 25, 197-203.

Nelson TA, Boots B, Wulder MA, Carroll AL (2007)
Environmental characteristics of mountain pine beetle
infestation hot spots. BC Journal of Ecosystems and
Management, 8, 91-108.

Paetkau D, Calvert W, Stirling I, Strobeck C (1995)
Microsatellite analysis of population structure in Canadian
polar bears. Molecular Ecology, 4, 347-354.

Park SDE (2001) Trypanotolerance in West African Cattle and the
Population Genetic Effects of Selection. Ph.D. thesis, University
of Dublin, Dublin, Ireland.

Parmesan C (2006) Ecological and evolutionary responses to
recent climate change. Annual Review of Ecology, Evolution,
and Systematics, 37, 637-669.

Peteet DM (1991) Postglacial migration history of lodgepole
pine near Yakutat, Alaska. Canadian Journal of Botany, 69,
786-796.

Petit R, Mousadik A, Pons O (1998) Identifying populations for
conservation on the basis of genetic markers. Conservation
Biology, 12, 844-855.

Piry S, Alapetite A, Cornuet JM et al. (2004) GENECLASS2: a
software for genetic assignment and first generation migrant
detection. Journal of Heredity, 95, 536-539.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of
population structure using multilocus genotype data.
Genetics, 155, 945-959.

Raffa KF, Aukema BH, Bentz BJ et al. (2008) Cross-scale
drivers of natural disturbance prone to anthropogenic
amplification: the dynamics of bark beetle eruptions.
BioScience, 58, 501-517.

Raymond M, Rousset F (1995) GENEPOP: population genetics
software for exact tests and ecumenicism. Journal of Heredity,
86, 248-249.

Rice WR (1989) Analyzing tables of statistical tests. Evolution,
43, 223-225.

Rice AV, Thormann MN, Langor DW (2007) Virulence of, and
interactions among, mountain pine beetle associated blue-
stain fungi on two pine species and their hybrids in Alberta.
Canadian Journal of Botany, 85, 316-323.

Ritchie C (2008) Management and challenges of the mountain
pine beetle infestation in British Columbia. Alces, 44, 127-135.
Ritzerow S, Konrad H, Stauffer C (2004) Phylogeography of
the Eurasian pine shoot beetle Tomicus piniperda (Coleoptera:

Scolytidae). European Journal of Entomology, 101, 13-19.

Roberds JH, Hain FP, Nunnally LB (1987) Genetic structure of
southern pine beetle populations. Forest Science, 33, 52-69.

Rousset F (1997) Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics,
145, 1219-1228.

Safranyik L, Carroll AL (2006) The biology and epidemiology
of the mountain pine beetle in lodgepole pine forests. In: The
Mountain Pine Beetle: A Synthesis of Biology, Management, and
Impacts on Lodgepole Pine (eds Safranyik L, Wilson B), pp. 3—
66. Natural Resources Canada, Victoria, BC.

Safranyik L, Silversides R, McMullen LH, Linton DA (1989) An
empirical approach to modeling the local dispersal of the
mountain pine beetle (Dendroctonus ponderosae Hopk.) (Col.,
Scolytidae) in relation to sources of attraction, wind direction
and speed. Journal of Applied Entomology, 108, 498-511.



2948 G. D. N. GAYATHRI SAMARASEKERA ET AL.

Safranyik L, Linton DA, Silversides R, McMullen LH (1992)
Dispersal of released mountain pine beetles under the
canopy of a mature lodgepole pine stand. Journal of Applied
Entomology, 113, 441-450.

Safranyik L, Carroll AL, Regniere ] ef al. (2010) Potential for
range expansion of mountain pine beetle into the boreal
forest of North America. The Canadian Entomologist, 142, 415—
442.

Salom SM, McLean JA (1990) Dispersal of Trypodendron
lineatum (Olivier) within a valley setting. The Canadian
Entomologist, 122, 43-58.

Sambrook J, Russell DW (2001) Molecular Cloning: A Laboratory
Manual, 3rd edn. Cold Spring Harbour Laboratory Press,
New York City, New York.

Schoville SD, Stuckey M, Roderick GK (2011) Pleistocene origin
and population history of a neoendemic alpine butterfly.
Molecular Ecology, 20, 1233-1247.

Schrey NM, Schrey AW, Heist EJ, Reeve JD (2011) Genetic
heterogeneity in a cyclical forest pest, the southern pine
beetle, Dendroctonus frontalis, is differentiated into east and
west groups in the southeastern United States. Journal of
Insect Science, 11, 110 Available from: insectscience.org/
11.110.

Six DL, Paine TD, Hare JD (1999) Allozyme diversity and gene
flow in the bark beetle, Dendroctonus jeffreyi (Coleoptera:
Scolytidae). Canadian Journal of Forest Research, 29, 315-323.

Slatkin M (1991) Inbreeding coefficients and coalescence times.
Genetical Research, 58, 167-175.

Slatkin M (1993) Isolation by distance in equilibrium and non-
equilibrium populations. Evolution, 47, 264-279.

Slatkin M, Excoffier L (1996) Testing for linkage disequilibrium
in genotypic data using the expectation-maximization
algorithm. Heredity, 76, 377-383.

Stauffer C, Lakatos F, Hewitt G (1999) Phylogeography and
postglacial colonization routes of Ips typographus L.
(Coleoptera, Scolytidae). Molecular Ecology, 8, 763-773.

Stock MW, Guenther JD (1979) Isozyme variation among
mountain pine beetle (Dendroctonus ponderosae) populations in
the Pacific Northwest. Environmental Entomology, 8, 889-893.

Stock MW, Pitman B, Guenther JD (1979) Genetic differences
between Douglas-fir beetles (Dendroctonus pseudotsugae) from
Idaho and coastal Oregon. Annals of the Entomological Society
of America, 72, 394-397.

Takezaki N, Nei M, Tamura K (2010) POPTREE2: software for
constructing population trees from allele frequency data and
computing other population statistics with windows
interface. Molecular Biology and Evolution, 27, 747-752.

Taylor SW, Carroll AL (2004) Disturbance, forest age
dynamics, and mountain pine beetle outbreaks in BC: a
historical perspective. In: Mountain Pine Beetle Symposium:
Challenges and Solutions, 2003, Kelowna, BC (eds Shore TL,
Brooks JE, Stone JE), pp. 41-51. Natural Resources Canada,
Canadian Forest Service, Pacific Forestry Centre, Information
Report BC-X-399, Victoria, BC.

Thomas CD, Cameron A, Green RE et al. (2004) Extinction risk
from climate change. Nature, 427, 145-148.

Uller T, Leimu R (2011) Founder events predict changes in
genetic diversity during human-mediated range expansions.
Global Change Biology, 17, 3478-3485.

Valéry L, Fritz H, Lefeuvre J-C, Simberloff D (2009) Ecosystem-
level consequences of invasions by native species as a way

to investigate relationships between evenness and ecosystem
function. Biological Invasions, 11, 609-617.

Wagner WL, Wilson B, Peter B, Wang S, Stennes B (2006)
Economics in the management of mountain pine beetle in
lodgepole pine in British Columbia: a synthesis. In: The
Mountain Pine Beetle: A Synthesis of Biology, Management, and
Impacts on Lodgepole Pine (eds Safranyik L, Wilson B), pp.
277-300. Natural Resources Canada, Canadian Forest
Service, Pacific Forestry Centre, Victoria, BC.

Walther G-R, Post E, Convey P et al. (2002) Ecological
responses to recent climate change. Nature, 416, 389-395.

Walther G-R, Roques A, Hulme PE ef al. (2009) Alien species
in a warmer world: risks and opportunities. Trends in Ecology
and Evolution, 24, 686-693.

Waples RS, Gaggiotti O (2006) What is a population? An
empirical evaluation of some genetic methods for identifying
the number of gene pools and their degree of connectivity.
Molecular Ecology, 15, 1419-1439.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358-1370.

Westfall J, Ebata T (2008) 2007 Summary of Forest Health
Conditions in British Columbia. BC Ministry of Forests and
Range, Forest Practices Branch, Victoria, BC, 81 p.

Wood SL (1982) The bark and ambrosia beetles of North and
Central America (Coleoptera: Scolytidae), a taxonomic
monograph. Great Basin Naturalist Memoirs, Number 6,
Brigham Young University Press, 1359 p.

Wood CS, Unger L (1996) Mountain Pine Beetle — A History of
Qutbreaks in Pine Forests in British Columbia, 1910 to 1995.
Natural Resources Canada, Victoria, BC, 61 p.

This study was multi-institutional project operated under the
umbrella of a mountain pine beetle systems genomics (TRIA)
project. At the time of the study G.D.N.G.S and N.V.B. were
M.Sc. students at the University of Northern BC whose
research focused on the genomics and population genetics of
the MPB outbreak occurring around them. B.S.L.is a Professor
at the University of Northern BC with a research focus on for-
est insects. J.EK.C. is an Associate Professor at the University
of Alberta. She is a tree biologist whose research is mainly
focused on understanding how environmental cues affect
growth and development of forest trees. C.S.D. has a keen
interest in marker development and applying new molecular
techniques to studies of molecular ecology. P.M.AJ. was a
postdoctoral researcher with the TRIA project. He is currently
an Assistant Professor at the University of Montreal were he
studies spatial ecology with particular emphasis on forest dis-
turbance dynamics. D.W.C. is a Professor of wildlife genetics
at the University of Alberta. K.E.M. is an Associate Professor
in conservation genetics and molecular ecology at Utah State
University. B.W.M. is an Associate Professor at University of
Northern BC with research interests in molecular ecology and
evolution.

Data accessibility

Sample locations and microsatellite data: DRYAD entry doi:
10.5061/dryad.9s4r4g90.

© 2012 Blackwell Publishing Ltd



