





opposed to the most current (1971-2000) period. The population genetics of long
distance MPB dispersal, an evolutionary theory for MPB population dynamics, and MPB
“range expansion” are extensively discussed. Potential biases and research limitations
are noted. Based on my results and inferences, future areas of investigation are noted.

An executive summary, with management recommendations, is provided as a conclusion.
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Figure 12. Map of inferred historical MPB dispersal routes (solid lines) in BC and AB.
These dispersal routes were inferred from: 1) generalized patterns of genetic similarities
among 35 MPB stands analyzed at si1x microsatellite loci; 2) atmospheric wind patterns
(Jackson et al.. unpublished data); 3) landform influences using a time series of aerial
survey maps of the current epidemic. Note that dashed lines are movements that were
suggested by genetic data but were not apparent from aerial survey maps of the current
epidemic. DISCLAIMER: These “movements™ represent an educated best guess using
primarily my genetic data. They may have occurred within the current epidemic or
sometime in the past; statistical methods cannot discern between recent and historical
dispersal at this time. 99




























































initially identical gene pool will randomly fix or lose alleles at different rates, becoming
differentiated over time. In contrast, gene flow genetically homogenizes populations.
Matings with migrants introduce new alleles and create recombinant offspring. Low
levels of gene flow, such as between isolated populations, simply slow rates of
population divergence but igh gene flow can create panmixia (high genetic similarity)

among populations.

A population genetic approach also : s for the determination of effective
dispersal. Researching effective spers entails san  ng the st ing brood of
successfully dispersing and reproducing a ;; most stands were sampled in June-

July (one exception — May). This aj roach determines e source/s of immigrating
MPBs that are most important for outbreak propagation. Dispersers may cause tree
mortality at a site but if their brood do not survive, then these dispersers did not
contribute to outbreak propagation. Genotyping effective dispersers provides data
crucial to halting the rapid advance of the current epidemic. 1 :ed, MPB mortality
during dispersal, especially long-distance dispersal, is extremely high as MPBs must land
in areas with suitable hosts, climate, and in sufficient numbers (Schmid, 1969).
Moreover, after long-distance dispersal, MPB fat reserves may be exhausted and host
colonization, mating, gallery construction, as well as maternal investment in eggs (Elkin
and Reid, 2005), could be compromised. Identifying source populations producing
effective dispersers capable of overcoming the energetic demands of a long flight and of
surviving and reproducing in a foreign environment, possibly hundreds of kilometers

from their origin, is critical for halting the advance of epidemics.
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Table 1. Sampled stands (35), by region, for the mountain pine beetle with GPS locations, year sampled,
number of beetles fully-genotyped (n), mean observed heterozygosity, and mean number of alleles. Given
locations are indicative of regions: sampling did not always occur within noted towns.

Location by Region Abbr. Latitude (N) Longitude (W) Year n Mean H,, Mean
Sampled Observed  Number of
Alleles
Rocky Mountains
Chetwynd / Pine Pass C/PP 55.6352 122.2522 2006 55 0.51 5.33
Willmore Wilderness PC 53 5707 119.7928 2006 48 0.51 4.83
Mount Robson Provincial Park YH 52.8949 118.7348 2005 46 0.54 5.17
Banff (Banff National Park) ™ 511770 115.5593 2006 45 0.61 5.67
Lake Louise (Banff National LL 51.4172 116.1793 2006 48 0.58 6.33
Park)
Kootenay National Park KP 50 6436 115.9784 2005/2006 48 0.65 6.00
Golden G 512385 116.6530 2005 47 0.66 5.83
Northeast of Rocky Mountains
Tumbler Ridge TR 54 8914 121 2252 2005/2006 48 0.53 4.50
Grande Prairie GP 54 7270 118.9736 2007 30 0.47 4,17
Nechako Plateau
Fort St. James 54.6463 124 4196 2005 46 0.48 4.33
Francois Lake kL 54.0317 124,939 2006 48 0.51 4.17
Houston ) 53.9938 126.6522 2006 47 0.48 4.83
Telkwa TE 54 6677 127.0800 2006 48 0.47 4.33
West of Rocky Mountains
Mackenzie KL 54.6963 122.8203 2005 47 0.42 4.33
Prince George 1 53.9068 122.8066 2005 47 0.54 5.17
McBride Rt 53 3120 120.1266 2005 24 0.49 4,17
Valemount \Y 52.6590 118.9965 2005 48 0.56 5.67
Cariboo-Chilcotin
Quesnel QU 53.0423 122.2519 2006 46 0.55 5.33
Bowron Lake Provincial Park BL 53.2488 121.4162 2006 47 0.54 5.50
Farwell Canyon FC 51.6590 122.9177 2006 48 0.48 5.17
Tatla Lake TA 51.9715 124.4130 2006 44 0.52 4.67
Lac La Hache LA 51.7342 121.6071 2006 46 0.57 5.50
Wells Gray Provincial Park SP 51.7410 120.0121 2006 47 0.60 6.33
Coast Mountains
Whistler GL 50.1683 122.9260 2006 48 0.56 5.50
Cascade Mountains
Manning Park MP 49.2163 121.0698 2006 46 0.58 5.67
Thompson-Okanagan
Lillooet LC 50.4568 121.6346 2006 44 0.56 6.33
Merritt IR 50.0343 120.6575 2006 48 0.58 6.83
Kamloops KA 50.4859 120.5321 2006 43 0.64 6.33
Falkland RR 50.5199 119.6018 2006 48 0.58 6.17
Kelowna KE 49.9978 119.6657 2006 46 0.59 6.17
Kootenays
Nancy Greene Provincial Park NG 49.2592 117.9277 2006 48 0.64 6.00
Valhalla Provincial Park VA 49.7500 117.4949 2006 48 0.55 6.00
West Arm Provincial Park WA 49.5250 117.2321 2006 46 0.55 6.17
Argenta AR 50.1566 116.9164 2006 48 0.64 5.83
Kimberley ANG 49.6416 116.2124 2005 49 0.62 6.50
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dominant peak in the allele frequency distribution shifts to an intermediate frequency (eg.
0.2 to 0.3; Luikart et al., 1998).

Mean number of alleles and number of private alleles were not adjusted for
variation in sample size as statistics (mean n = 46; standard deviation = 5.17) did not
warrant adjustment. Ot er stands, McBride w 24 samples and Grande Prairie with
30 samples, were highlighted instead; these two stands were responsible for 60% of the

above standard deviation.
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Results

3.1. Hardy-Weinberg Equilibrium and Linkage Disequilibrium

Tests for HWE at each locus for each stand revealed thirteen significant
deviations out of 210 tests using a stand-level Bonferroni correction and only three
deviations using a correction for all tests (data not shown). Of the former. ten deviations
were due to a deficiency of heterozygotes w  : three deviations were due to an excess of
heterozygotes. Using two levels « 2rroni correction confirmed that deviations were
distributed across stands and loci. Give e stochastic 1d rare occurrence of
deviations, | assumed populations we 5 for subsequent analyses.

Tests for linkage disequilibria between pairs of loci for each stand revealed
twenty significant deviations out of 525 tests using a stand-leve  >nferroni correction
and only eight deviations using a correction for all tests (data not shown). Of the former,
most stands had one instance of disequil aan only five ( inff, Argenta, Tatla Lake,
Kimberley, Golden) had two disequilibria. Using two levels of Bonferroni correction
confirmed that deviations were distributed across stands and loci; deviations remained
distributed after the more stringent correction was applied. The incidence of linkage
disequilibrium was highest between MPB35 and MPB40 (five deviations using the
former correction). Given the stochastic and rare occurrence of deviations, for

subsequent analyses I assumed populations were in linkage equilibrium at all loci.
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3.5. Isolation by Distance

| found a highly significant and strong effect of isolation by distance (r = .55; P <
.000001; Figure 5). I then tested whether this IBD pattern was driven by the population
structure indicated by previous analyses. Specifically, tested whether this strong IBD
pattern was due to the Northern group, the Southern group, or interactions between the
groups. IBD within groups only included n-group stand comparisons while IBD
between-groups only included comparisons between Northern and Southern stands.
Strong and significant was fou or the Southern group (r = .60; P <.000001;
Figure 6) and for the Northern group versus the Southern group (r = .31; P <.000001;

Figure 7). There was no ¢ ‘ect fc Northern group =. I; P =.6887; Figure 8).
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3.6. Other Analyses

Overlaying maps of historical distributions of MPB climatic suitability classes
(CSC; Carroll et al., 2004) with my SAMOV A-derived population structure indicated
that climate is a likely driver of MPB population structure (Figure 9). The habitat of the
Southern group is typified by high or extreme CSCs. indicating that the Southern group
generally occupies a climatically-opti avironmer ontrast, the habitat of the

Northern group is typified by roughly equal proportions of extreme CSCs, from very

low/low to high/extreme. This pattern, ai ; the concordance between historical
distnibutions of MPB CSCs and curre ) pC on structure, 1s weakest for the
most recent 30-year period (1971-2000: Figure 9). Curre . population structure

has the highest visual concordance with the climatic s Hility class distribution over the
period of 1921-1950 (Figure 9). As the 20™ century progressed, there was a major
expansion of climatic suitability into the regions west of and including Prince George;

however, MPB population structure did not reflect this change.
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I found evidence for two north-south genetic gradients among stands. Mean
number of alleles per stand had a highly significant inverse relationship with the straight-
line north-south distance of each stand from the BC/US border (49° latitude; Figure 10; r
=.81; P <.00000001). Mean observed stand heterozygosity also had a highly significant
inverse relationship with straight-line north-south distance of each stand from the BC/US
border (49° latitude; Figure 11; r=.73; P <.0000C ).  these relationships, southern
stands had higher values for each response vari:  :, intermediate populations had
intermediate values, and northern stands had the lowest values. Sample size biases
towards lower genetic diversity values were poss le for >  de (n=24) and Grande
Prairie (n=30). Sample size was reduced M because 30 amplified poorly,
possibly because of one or more stand-specific mutations in the | ‘mer annealing site.
However, since McBride was fully genotyped at five of six loci for 48 samples, at n=48
at five loci I calculated genetic diversity and found it was identical to diversity at n=24
for six loci. This suggests that a sample size of 24 genetically-independent beetles can be

representative of a population and that the potential for sample size bias in Grande

Prairie was low.
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Chetwynd/Pine Pass (Fst=.009), then to Lac La Hache (Fst=.016) and Houston
(Fst=.016). McBride was most closely related to Fort St. James (Fst=.030), then
Houston (Fs1=.039) and Grande Prairie (Fst=.058).  contrast, McBride’s geographical
neighbor in the Willmore Wilderness was most closely related to Quesnel (Fsr=.022) and
Bowron Lake (Fs1=.026). * istler was most closely related to Manning Park

(Fs1=.013), then Kamioops (Fs1=.017) ooet - '7=.020).
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4.1.3. MPB Genetic Diversity - Context

Placing the genetic diversity 1 found among MPB stands into context was made
difficult by the possible fungal contamin: on of past microsatellite studies of Scolytids.
Observed genetic diversity had a range of 04210 0.66in [ PB. Kerdelhué er al.
(2006) foun a range of 0.63 to 0.70 among seven stations of T. piniperda in France;
however, one marker was suspiciously morphic. S¢ é et al. (2007) reported a range
of 0.42 to 0.62 among 28 infestations « jpographus in Europe. Unfortunately, as
previously mentioned, Ker é et al. (2006) : 11é et al. (2007) may have cross-
amplified beetle and fung: A. The probable cor ¢ ¢ these studies by
multiple strains of 1 124l species may have kept overall “beetle” genetic
diversity within anorm  inge. In 1e American spruce beetle, 1roja et al.

(2007) found a range of 0.30 to 0.50 among  infestations.
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prevalent than i the south and are followed by periods of strong genctic drift that is

characteristic of all northern populi ons.























































































During epidemics, there is enormous generation and retention of mutations.
These mutations are widely distributed by long and short distance migrations (Petit ef al.,
2005). Populations are connected by levels of gene flow correlated with geographic
barriers (distance and/or mountain ranges), st it nearby populations become
genetically similar while distant populations remain differentiated. When epidemics
decline, most new genetic variation is likely maintained in myriad small PB
populations that are distributed over tt  indscape. Epidemics may not only span
previously occupied regions t 1y also contrib grants to distant regions. These
migrants may survive and become endemic-level populations that retain considerable

genetic diversity.
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cause obvious shifts in the geographic distribution of climatic suitability for all
organisms. Retreats during glaciations and expansions during interglacials have occurred
for millions of years (Hewitt, 1996; 1999; 2000), long before humans significantly
influenced the Earth. These cycles will ost probat y continue long after we are gone.
uring this interglacial. like any other. climatic su ity will continue to shift
northwards and the V contir e toexpand nc , reaching an apex somewhere in

the Yukon (Logan and Powell. 20 ). Perhaps a century or two this prediction will

come to fruition. Wi e next glaci:  :gins, these :rn populations will be
extirpated and the Il again, as sthesize, persit 1 itho/Utah until the next
interglacial.
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in the current epidemic and one would expect the same in New Hazelton. However,
there is no evidence for localized expansions in this region in the past decade; recent
outbreaks have been caused by long distance dispersal flights. The presence of native
MPBs in a region can be exceptionally variable a fficult to detect. It is possible that
MPBs were extirpated from the New Hazelton region fc  owing the outbreak in the mid-
1990’s, that MPBs in this region simply have not responded in a similar fashion to other
native MPB popul: onsin ’, and/or in s region endemic-caused damage has

occurred at low levels and has not been detected.
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current programs (Nelson ef al., 2007¢). Sampling entails two to three hours of labour
per site. The genotyping costs of annual population genetic surveillance of MPB
populations would range from $70 to $100 per sa1  ling site. One hundred sites would

provide excellent survei ince across  province. T  annual cost for one hundred

sites, including genotyping an labour : typing an analysis, would be under
$20,000. Such data woul only meet applied (managemen objectives in terms of
monitoring MPB population trends an  spersal, wo  also provide internationally-

unprecedented data for advancing theories ¢ popt ¢ genetics and evolt on.
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