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Abstract—Levels of genetic variation within and among 163 in-
dividual-tree collections and one bulk lot of whitebark pine were
estimated using isozymes, mitochondrial DNA and chloroplast
DNA; 79 of the samples are also part of a common garden study
evaluating survival, rust resistance, late winter cold hardiness, and
early height-growth. Within the species, 100 percent of the iso-
zyme loci are polymorphic, with the number of alleles per locus
(Na) equal to 4.0. Genetic diversity is high (H_ = 0.271) relative to
other conifers in the same forest cover type and is comparable to
quaking aspen (Populus tremuloides Michx) and limber pine (Pinus
Jlexilis James), two of the most geographically widespread tree spe-
cies in North America. Fixation values indicate general random
mating with no marked excess of heterozygosity or inbreeding.
Poor genetic differentiation among zones (Fgyp. = 0.026), low F|g
(-0.016) and £\ (0.011) values, and a high number of migrants
(N, =9.354) also indicate a lack of inbreeding. The oldest known
whitebark pine specimen on the Sawtooth National Forest is ho-
mozygous for 13 loci (12 for common alleles and one for a rare
allele). Of the 164 samples grouped into 117 collection sites, 108 of
the nad5a intron of the mitochondrial genome contained haplotype
1 present in Idaho, Montana, eastern Washington, and Wyoming,
while nine contained haplotype 2 from eastern California and
Nevada. This mitochondrial marker, along with high pairwise Fg.
values, underscores the uniqueness of the Nevada zone. High levels
of diversity (H_ = 0.481, Na = 4.2) measured by three, chloroplast
simple sequence repeat (SSR) markers indicate the Bitterroots-
Idaho Plateau zone has the largest amount of diversity, while
the Selkirk-Cabinet zone has the lowest diversity among zones.
Similar relationships occur among the Selkirk-Cabinets, Clark
Fork-Lolo Pass, and Missions-Glacier Park zones as a group and
the Bitterroots-Idaho Plateau and Central Montana zones as an-
other distinct group. Until further sources can be evaluated south
of 44.5° N latitude for key adaptive traits, a conservative approach
maintains the Bitterroots-Idaho Plateau and Central Montana
groups as distinct zones. The four adaptive traits from the common
garden study, isozyme data and three chloroplast SSR markers
support the Greater Yellowstone-Grand Teton zone remaining a
distinct zone. Taken collectively there is sufficient genetic diversity
and genetic variation to support the continuation of a rust resis-
tance screening and genetic restoration program for this species.

Introduction

Evolutionary forces of gene mutation, gene flow, random
drift, and selection shape the genetic structure of a species.
Examples of contemporary forces shaping whitebark pine
include wildland fire, fire suppression and exclusion, blister
rust (Cronartium ribicola A. Dietr.), and mountain pine beetle

(Dendroctonus  ponderosae Hopkins). Uncontrolled wildfire
can kill young whitebark pine regeneration or trees of cone-
bearing age, which will limit the food supply for dependent
wildlife and cause loss of future seed sources for restoration
purposes. Wildfires during the 2000 fire season burned 929.2
thousand hectares on USDA National Forest System lands in
Idaho and Montana. Much of the fire occurred in higher ele-
vation populations resulting in the reduction of both diseased
and healthy whitebark pine trees (Mahalovich and Dickerson
2004). Wildfire aids in the preparation of a seedbed for natural
regeneration. Fire suppression and the policy of fire exclusion
has reduced the role of fire in regeneration of pure white-
bark pine stands and has allowed successional replacement in
mixed-conifer stands to subalpine fir (Abies lasiocarpa (Hook.)
Nutt.), lodgepole pine (Pinus contorta Douglas ex Louden) and
Engelmann spruce (Picea engelmannii Parry ex Engelm.). The
frequency and magnitude of these evolutionary forces has the
potential to reduce or eliminate available seed sources and ad-
vanced reproduction. Even with the recent introduction of a
non-native rust pathogen, blister rust resistance is present in
the Northern Rockies (Mahalovich and others 2006). Local
adaptation is sustainable relative to blister rust resistance, ow-
ing to whitebark pine having a generalist adaptive strategy,
where the largest proportion of genetic variation is within
seed sources (Mahalovich submitted).

A successful genetic restoration program depends on un-
derstanding a species’ genetic structure. Obtaining basic
genetic information facilitates the development of seed trans-
fer guidelines, operational cone collection protocols, selective
breeding and gene conservation strategies, and priority set-
ting of high risk areas in need of management intervention
through site-specific prescriptions. The first whitebark pine
cone collections began in 1991, with a combination of 26
individual-tree and bulked collections in Montana on the
Bitterroot, Custer, Gallatin, and Lewis and Clark National
Forests. By 1998, the importance of conserving whitebark
pine became critical due to the combination of blister rust
infection, mountain pine beetle, wildland fire in high eleva-
tion ecosystems, and emerging concerns over seed viability
in long-term storage. Proactive restoration efforts with a ge-
netic component began in earnest in 1999 (Mahalovich and
Dickerson 2004).

Successful tree planting has improved since the earliest ef-
forts in 1991 due to the selection of planting sites best suited
for whitebark pine, the application of appropriate seed trans-
fer guidelines, and the development of blister rust resistant
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planting stock. The presence of genetic differentiation in
whitebark pine due to directional selection and adaptation to
local environments has managerial implications with respect
to the control of seed movement in the form of zoning or ex-
pert systems.

Seed zones are geographic subdivisions within a region
encompassing areas of similar environmental conditions with
possible altitudinal limits within zones. When boundaries
among subdivisions do not reflect patterns of genetic varia-
tion in traits inferring adaptive value, these subdivisions are
referred to as provisional seed zones. Provisional seed zones in
the Inland West were delineated based on early rust screen-
ing trials, the orientation of mountain ranges, and blister rust
hazard ratings over large geographic areas (Mahalovich 2000,
Mahalovich and Dickerson 2004). Hazard rating systems
measure the susceptibility of forested areas to a particular
disease by evaluating its impact in a specific host species (for
example, percent of trees from an area infected with blister
rust and the average number of cankers per tree from that
location). These zonal boundaries were conservative in scope
(Mahalovich and Dickerson 2004) until genetic data for adap-
tive traits became available (Mahalovich submitted).

While common garden studies provide essential infor-
mation regarding the genetic structure in adaptive traits,
population genetic studies are also necessary to define ge-
netic structure, genetic diversity, and levels of inbreeding in
neutral markers (for example, isozymes or allozymes, mito-
chondrial DNA (mtDNA), and chloroplast DNA (cpDNA)
(Mitton 1995)). Both types of studies share a critical role in
determining the effectiveness of a genetic restoration pro-
gram. Population genetics research using allozymes show
little population structure in a range-wide study (Fgp = 0.034,
Jorgensen and Hamrick 1997), and moderate differentiation in
regional (Fgp. = 0.025, Bruerderle and others 1998) or isolated
population studies (Fg = 0.088, Yandell 1993). Fine-scale ge-
netic structure of whitebark pine in the eastern Sierra Nevada
Range of California also reveal negligible genetic differentia-
tion among three watersheds (Fgp = 0.004) and strong family
structure (growth form) due to the seed-caching behavior of
Clark’s nutcracker (Nucifraga columbiana Wilson) (Rogers and
others 1999).

Mitochondrial markers track seed movement since mtD-
NA is maternally inherited in the Pinaceae. Richardson and
others (2002) identified variation in the nzad5a intron of the
mitochondrial genome in whitebark pine. This variation was
found to occur in a sequence recognized by the restriction
endonuclease Msel, resulting in two haplotypes at that lo-
cus. After amplifying the nad5a intron, one haplotype is cut
by Msel, and can be identified by the presence of two bands,
while the other haplotype does not contain a restriction site
and produces a single band. Evaluation of seed movement in
this broader sampling of whitebark pine seed lots, as com-
pared to Richardson and others (2002) is highly desirable.

Isozyme analyses are well established and a cost-effective
approach for estimating measures of genetic structure (amount
and pattern of variation among and within seed zones),
genetic diversity (heterozygosity) and mating systems (out-
crossing rate) (USDA Forest Service 2003). These quantitative
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measures are also comparable to upwards of 3,000 whitebark
pine samples submitted to the National Genetic Laboratory in
Placerville, CA (USDA Forest Service 2009).

Chloroplast markers track pollen movement since cpDNA
is paternally inherited in the Pinaceae. Three cpDNA SSR
markers, Pt15169, Pt30204, and Pt71936 (Vendramin and
others 1996), are another useful tool to characterize patterns
of geographic variation in whitebark pine from the perspective
of pollen movement.

The research presented here investigates genetic diversity
using isozyme and molecular data, and relates those findings
to patterns of genetic variation in key adaptive traits in an ear-
lier seed source study (Mahalovich submitted, Mahalovich
and others 2006). Since the majority of the adaptive trait
variation occurs within seed sources and the provisional seed
zones are conservative in scale, rather than evaluating genetic
diversity among and within populations, this study focuses on
the amount of genetic diversity among and within seed zones.
Project objectives include:

* Determining the genetic structure, genetic diversity, and
level of inbreeding among a number of cone collections
and branch samples collected from across the Northern
Rockies, California, and Nevada;

* Determining whether there is correspondence among pro-
visional seed zone boundaries (Figure 1) using isozyme
and molecular data; and

* Developing a comprehensive genetics profile to identify
seed sources that are most at risk for being lost due to their
apparent uniqueness.

Material and Methods

Material Collection

Low seed yields and a limited geographic representation of
bulk seed in inventory narrowed seed lot selection to individ-
ual-tree cone collections to achieve a broad geographic sample
from eastern California, Idaho, Montana, Nevada, eastern
Wiashington, and Wyoming. A total of 163 individual-tree
collections and one bulk lot representing 117 seed source
groupings (as determined using common area name and geo-
graphic coordinates) are included in this study (Table 1). The
bulk lot represents the easternmost population in this collec-
tion and is of special interest because of its widespread use for
restoration from 2002 to the present, with the last planting
of seed from this source anticipated in 2011 (McLaughlin,
personal communication). There is no indication from the re-
cords that cones were collected from trees of the krummbholz
growth form.

All seed lots used in Mahalovich and others (2006) were
desirable to develop a comprehensive genetics profile of adap-
tive trait, isozyme and molecular data for each seed source; 79
of the original 110 lots had sufficient seed for this study. When
seed quantities were too low or geographic areas were not well
represented from the 1991-1997 collections (for example, cen-
tral ID, NV, northwestern WY), additional seed lots from the
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Figure 1. Provisional whitebark pine seed zones in the Inland West overlaying current species distribution (Little 1971).

2001-2006 collections (6000-series plus trees) and 16 vegeta-
tive samples from previous research in the Northern Rockies
(Richardson 2001) were included. One branch tip and a cone
containing five seeds from the oldest known living whitebark
pine specimen (1,285 years) located at Railroad Ridge on the
Sawtooth National Forest (Perkins and Swetnam 1996) were
also included. The authors acknowledge that a representative
sample of bulked collections may have better served the pa-
rameter estimates for isozyme and molecular data (this paper);
however, resources were not available to collect additional
bulked collections.

Seed Preparation and Germination

Seed samples were stratified and germinated following
Mabhalovich and others (2006) and Burr and others (2001).
For each germinated seed (10 seeds per collection): (1) the em-
bryo was dissected from the megagametophyte tissue, placed
in a microfuge tube, and frozen at -80°C for future analyses,
(2) a portion of each of the 10 megagametophytes per collec-
tion were placed in a collection tube to achieve a single DNA
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extraction per collection, effectively genotyping the mother
tree through DNA analysis (White and others 2007), and (3)
the remaining megagametophyte tissue was placed in an indi-
vidual well into a microtiter plate for isozyme analysis.

Mitochondrial DNA (mtDNA) Analysis

Amplification of the nad5a intron in these samples was
completed using primers designed by Wu and others (1998).
For each sample, 2.0 ng of mtDNA was amplified following
the reaction conditions described by Richardson and others
(2002). Amplification was carried out on a MJ Research®
PTC-200 thermalcycler (M] Research, Watertown,
Massachusetts, USA). Following amplification the product
was purified using the Qiagen™ Qiaquick PCR Purification
Kit following the recommended protocols (Qiagen Corp.,
Valencia, California, USA). Samples were then restricted
with Msel. Restriction products were separated via electro-
phoresis on a 1% agarose gel using 1X TBE buffer (0.045
M Tris-borate, 0.001 M EDTA pH 8) and visualized using
ethidium bromide under UV light.
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Molecular Genetic Variation in Whitebark Pine...

Isozymes

Megagametophyte tissue was homogenized in phosphate
buffer and absorbed onto 2 mm wide paper wicks. Starch
gel (11% w/v) electrophoresis revealed 16 loci in three buffer
systems that resolved strong enzyme activity in all tissue an-
alyzed (USDA Forest Service 2003). Four loci were resolved
in a lithium borate electrode buffer-tris citrate gel buffer
combination (system LB): leucine aminopeptidase (LAP1
and LAP2; EC 3.4.11.1), phosphoglucomutase (PGM; EC
5.4.22), and phosphoglucose isomerase (PGI2; EC 5.3.1.9).
Five loci were resolved in a sodium borate electrode buffer-
tris citrate gel buffer combination (system SB): aspartate
aminotransferase (AAT1, AAT2 and AAT3; EC 2.6.1.1),
uridine diphosphoglucose pyrophosphorylase (UGPP; EC
2.7.79), and triose-phosphate isomerase (TPI; EC 5.3.1.1).
Seven loci were resolved in a morpholine citrate electrode
and gel buffer, pH 8 (system MCS): phosphogluconate
dehydrogenase (6PGD; EC 1.1.1.44), isocitrate dehydro-
genase (IDH; EC 1.1.1.42), shikimic acid dehydrogenase
(SKD1 and SKD2; EC 1.1.1.25), and malate dehydrogenase
(MDH1, MDH2 and MDH3; EC 1.1.1.37). Following in-
cubation in ten substrate specific stains, genotypic data were
collected for 16 loci (PGM, LAP-1 and 2, PGI-2, AAT-1, 2,
and 3, UGPP, TPI, SKD-1 and 2, IDH, 6PGD, MDH-1, 2,
and 3). Because of the condition of the 16 samples of branch
tissue upon arrival at the lab, no isozyme activity was present
in these tissues.

'The presence of seed from at least two trees in one sample
was detected in four collections (three samples from ‘Coyote
Meadows’ and one from ‘Blue Ridge’). These seed lots could
be the result of seed contamination from the point of field
collections to seed processing. When more than two alleles
were detected for a sample at a locus, the least common allele
at each three-allele score was discarded so that the samples
could be used in the analysis. Of the 147 multilocus isozyme
genotypes generated, no two samples matched (resulting in

147 unique genotypes).

DNA Extraction and Amplification

DNA was extracted from each sample using the Qiagen
DNEasy 96-well format protocol. Tissue was first homog-
enized in a collection tube, AP1 buffer added, the sample
re-homogenized on the MixerMill, then an aliquot of slur-
ry transferred to a new collection tube for extraction. The
remaining slurry was frozen for additional extractions if
needed. DNA concentrations were quantified using fluo-
rometry with pico-green.

Though isozyme activity was not present in the 16 sam-
ples of branch tissue, it was still possible to extract DNA
from each sample using the Qiagen DNEasy-Mini pro-
tocol. Approximately 150 mg of needle tissue per sample
was ground by hand under liquid nitrogen in a mortar and
pestle and DNA extracted following Qiagen DNEasy kit
instructions. DNA concentrations were quantified using
fluorometry with pico-green. DNA quality was further
checked by electrophoresing each sample on a 0.8% agarose
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gel (1X TBE), staining with ethidium bromide and visual-
izing under UV light.

Chloroplast DNA (cpDNA) Analysis

Polymerase chain reaction (PCR) amplification was per-
formed simultaneously for three loci: Pt15169, Pt30204,
and Pt71936 (Vendramin and others 1996) in 25-ul reaction
volumes containing 10 ng cpDNA, 0.2 uM of each primer,
and 12.5 ul of the Qiagen multiplex PCR mix including 7ag
DNA polymerase. The PCRs were completed using the fol-
lowing protocol on PTC-200 thermal cyclers: 15 minutes
at 95 °C; 30 cycles of 30 seconds at 94 °C, one minute 30
seconds at 57 °C, and one minute at 72 °C; 30 minutes at
60 °C; followed by an indefinite hold at 4 °C. 'The result-
ing PCR products were separated on an ABI Prism 3130xl
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA), as recommended by the manufacturer. Peaks were
sized and binned, with alleles called using GeneMarker 1.51
(SoftGenetics, State College, PA, USA), with GS (500-250)
ROX as an internal size standard for each sample.

Three cpDNA SSR markers characterize 164 samples.
'The three Coyote Meadows samples were removed from the
analysis because they show the presence of seed from at least
two trees in each collection. The bulk collection from Wind
River was removed because this sample could not be ana-
lyzed within this dataset. The Blue Ridge sample also shows
evidence of containing seed from at least two trees; but in-
stead of discarding this sample, it was possible to artificially
double the information because only one SSR locus shows
the presence of the alternate tree.

Data Analysis

Analysis of mtDNA data was completed by assign-
ing a haplotype to each individual, based on the presence
of a single band (haplotype 1) or two bands (haplotype 2).
Descriptive statistics for isozyme and cpDNA data were es-
timated with the GDA program (Lewis and Zaykin 2001),
GenAlEx-6 (Peakall and Smouse 2005), and Popgene (Yeh
and others 1997). The following parameters were estimated
to describe the observed genetic diversity: percent polymor-
phic loci (P), number of alleles per locus (Na), number of
alleles per locus with a frequency greater than 5 percent (Na
Freq > 5 percent), effective number of alleles (N ), informa-
tion index (equivalent to the Shannon-Weaver Index, I),
number of alleles unique to a seed zone (number of private
alleles), unbiased expected heterozygosity (H,), observed
heterozygosity (H, ), number of migrants (N_), fixation in-
dex (F), and outcrossing rate (t).

Pairwise measures of the fixation index (Fgp) quantify
the distribution of genetic diversity among seed zones. Nei’s
genetic distance (1972) was estimated for all pairs of zones
using the program GenAlEx-6 (Peakall and Smouse 2005).
GenAlEx-6s test of isolation by distance was employed us-
ing the pairwise Fgy.values (based on isozyme data), with
significance determined using the Mantel test. Genetic dif-
ferentiation among seed sources for survival, rust resistance,

USDA Forest Service Proceedings RMRS-P-63. 2011.



late winter cold hardiness and early height-growth was esti-
mated for all traits (Mahalovich submitted) by calculating
the index Q¢ = o2 /( 02 +202 )» where 02 is the among
seed source Varlance and 02 is the within-population addi-
tive genetic variance (Spltze 1993). The Fgy values among
seven seed zones were then compared to the Q¢ indices to
examine which evolutionary forces may be operating in the
Inland West.

Principal component analysis, cluster analysis and dis-
criminant analysis of the continuous variables (chloroplast
(cpDNA) SSR markers and geographic variables) were
performed using the statistical program R (R Foundation
http://www.r-project.org ).

Population phenograms (Figure 3) were constructed to
describe the ancestral relationship among samples, using
predefined seed zone assignments (Figure 1). Phenograms
were built separately from Nei’s genetic distance (1972)
estimated from the isozyme and cpDNA data sets, using
Neighbor-Joining methods; significance of branches was
determined over 1,000 bootstrap replicates using the ma-
jority rule extended method to build the consensus tree,
as employed by the package PHYLIP (Felsenstein 2005).
Principal Coordinate Analysis (GenAlEx-6; Peakall and
Smouse 2005) was used to find and plot the major patterns
among predefined zones.

Results

Mitochondrial DNA (mtDNA) Variation

Variation identified in the 7ad5a intron of the mitochon-
drial genome in whitebark pine results in two haplotypes or
genetic variants (Richardson and others 2002). Of the 117
collection sites represented, 108 of them contain haplotype
1, while the remaining nine contain haplotype 2. Haplotype
1is present in the Idaho, Montana, eastern Washington and
Wyoming collections. Haplotype 2 is characteristic of the
eastern California and Nevada collections. Based on these

Molecular Genetic Variation in Whitebark Pine...

two haplotypes, the Nevada zone is genetically differenti-
ated (separated) from the remaining zones in the Northern

Rockies.

Isozyme Variation

Genetic Diversity: Isozyme data from 16 loci were gener-
ated from 147 samples. Levels of genetic diversity are high
within these whitebark samples: percent polymorphic loci
or P = 100%; number of alleles or Na = 4.0; and expected
heterozygosity or H_ = 0.271 (Table 2). Similar levels of di-
versity occur within each zone, where zone means are also
high: P = 88.4%; Na = 2.5; H_ = 0.263. Mean fixation index
(F) is 0.01, and for all trees within a zone range from -0.059
to 0.076, indicating general random mating with no marked
excess of heterozygosity or inbreeding. Mean outcrossing
rate (t) is 0.98, and for trees within a zone range from 0.858
to 1.125, indicating a lack of inbreeding.

Genetic Structure: Of the total variation measured, very
little is among zones, indicating zones share a large de-
gree of genetic similarity. Analysis of Molecular Variance
(AMOVA) indicates that 99 percent of the variation mea-
sured is within zones (only 1 percent is among zones).
Wiright’s (1951) inbreeding coefficient within individuals
relative to zones (Fg) = -0.016 and the inbreeding coeffi-
cient within individuals relative to the total (/) = 0.011.
Fyr (genetic differentiation among populations, or in this
study, the proportion of the total diversity that separates the
zones) is only 2.6 percent. Low F ¢ (-0.016) and £ (0.011)
values and a high number of migrants per generation (N =
9.354) also indicate a lack of inbreeding. Nei’s (1972) genetic
identity (I) in this study is a measure of genetic similarity
between zones, with a value of 100 percent meaning that
two zones share the same alleles in the same frequencies,
and a value of 0 meaning that two zones have no allele in
common. Identity values range from 97.7 to 99.4 percent
(Table 3 lower triangle) confirming high genetic similarity
among zones. Although all zones are very similar to one

other, the Clark Fork-Lolo Pass and Missions-Glacier Park

Table 2. Genetic diversity statistics for Inland West whitebark pine samples based on 16 isozyme loci. N = sample size; P = percent polymorphic loci; Na = number of alleles;

N, = effective number of alleles; | = information index; H, = expected heterozygosity; H, = observed heterozygosity; F = fixation index; t = outcrossing rate.

Zone Bitterroots- Greater Yellow-
(Standard Idaho Clark Fork- Central stone- Missions- Selkirk-

Errors) Plateau Lolo Pass Montana Grand Teton Glacier Park Nevada Cabinets Zone Mean | All Samples
N 20.9 | (0.781) | 20.6 (0.176) | 20.5 (0.195) | 20.5 (0.176) 20.8 (0.127) | 21 (0) 19.8 (0.127) | 20.5 (0.398) | 147 (0.532)
[ 100 | ——- |938 |—— |938 |—— |75 —_ 875 |——- |83 |—— |85 |——- (884 |—— |100 |——-
Na 2.7 (0.270) | 2.4 (0.180) | 2.8 (0.262) | 2.5 (0.316) 2.5 (0.258) | 2.4 (0.258) | 2.4 (0.203) | 2.5 (0.160) | 4 (0.400)
NaFreq.>=5% | 21.9 | (0.180) | 1.9 (0.180) | 1.9 (0.202) | 1.8 (0.209) |19 (0.202) | 1.9 (0.180) | 2.1 (0.193) | 1.9 (0.090) | 1.9 | (0.180)
N, 1.5 (0.112) | 1.4 (0.135) | 1.6 (0.136) | 1.5 (0.125) 1.5 (0.131) | 1.4 (0.121) | 1.4 (0.103) | 1.5 (0.076) | 1.5 (0.119)
| 0.495 | (0.076) | 0.416 | (0.078) | 0.508 | (0.086) | 0.447 (0.092) 0.464 | (0.086) | 0.441 | (0.083) | 0.457 | (0.073) | 0.461 | (0.032) | 0.496 | (0.078)
Number of 0.25 | (0.112) | 0.063 | (0.063) | 0.125 | (0.085) | 0.188 (0.136) | 0.063 | (0.063) | 0.313 | (0.151) | 0.125 | (0.085) | 0.152 | (0.094) | 4 (0.428)
Private Alleles
H, 0.283 | (0.048) | 0.238 | (0.051) | 0.287 | (0.054) | 0.254 (0.055) | 0.264 | (0.053) | 0.25 | (0.049) | 0.263 | (0.046) | 0.263 | (0.018) | 0.271 | (0.049)
H, 0.251 | (0.049) | 0.234 | (0.048) | 0.309 | (0.074) | 0.266 (0.064) | 0.28 |(0.058) | 0.253 | (0.050) | 0.257 | (0.047) | 0.264 | (0.024) | 0.264 | (0.052)
F 0.076 | (0.062) | -0.025 | (0.022) | -0.049 | (0.044) | -0.051 | (0.014) |-0.059 | (0.029) | -0.013 | (0.029) | -0.008 | (0.044) | -0.018 | (0.046) | 0.01 | (0.019)
t 0.858 | (0.091) | 1.051 | (0.077) | 1.103 | (0.082) | 1.107 (0.064) 1.125 | (0.084) | 1.026 | (0.072) | 1.016 | (0.063) | 1.036 | (0.069) | 0.98 | (0.045)
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Table 3. Pairwise zone matrix of Nei’s genetic identity (lower triangle) and FST (upper triangle) for Inland West whitebark pine samples

based on 16 isozyme loci.

Bitterroots- Clark Fork- Central Greater Yellowstone- Missions- Selkirk-
Zone Idaho Plateau  Lolo Pass Montana Grand Teton Glacier Park Nevada Cabinets
Bitterroots-ldaho Plateau 0.017 0.011 0.016 0.013 0.013 0.018
Clark Fork-Lolo Pass 0.986 0.016 0.020 0.010 0.022 0.012
Central Montana 0.992 0.988 0.011 0.012 0.011 0.017
Greater Yellowstone-Grand Teton 0.988 0.986 0.991 0.015 0.019 0.019
Missions-Glacier Park 0.988 0.994 0.990 0.990 *0.025 0.011
Nevada 0.990 0.982 0.991 0.985 0.977 *0.026
Selkirk-Cabinets 0.987 0.992 0.985 0.989 0.992 0.978

* = significance at the 5% level of probability.

are most similar. The two least similar zones are Selkirk-
Cabinets and Nevada, followed closely by Missions-Glacier
Park and Nevada. Fgy. values show similar trends of high
genetic similarity and weak differentiation between zones,
with estimates ranging from 1.0 to 2.6 percent (Table 3 up-
per triangle).

Principal Coordinate Analysis of the isozyme data shows
that the Missions-Glacier Park, Selkirk-Cabinets, and
Clark Fork-Lolo Pass zones cluster somewhat together and
the Central Montana and Bitterroots-Idaho Plateau zones
cluster (Figure 2a). The Greater Yellowstone-Grand Teton
and Nevada zones occur by themselves. The percentage of
variation explained by the first two principal coordinates is
62.8 percent (the first three, principal coordinates explain
77.0 percent of the total variation). Mid-point pheno-
grams (Figure 3a) show similar zonal relationships (cluster
Bitterroots-Idaho Plateau, Nevada and Central Montana;
cluster Clark Fork-Lolo Pass, Selkirk-Cabinets, and
Missions-Glacier Park; and Greater Yellowstone-Grand
Teton by itself). There is no evidence for isolation by dis-
tance following a geographic pattern based on latitude and
longitude (R%=0.0001; P=0.45). These results indicate that
neighboring trees are as similar genetically as trees separated
by large geographic distances.

Summarizing these data by seed source for the compre-
hensive genetics profile, the number of unique alleles among
16 loci, range from eight to 32, assuming two alleles pres-
ent per locus. Among the top 10 rust-resistance entries the
proportion of observed polymorphic loci P = 0.238 and the
average number of alleles is 20 (Table 1). Among all sam-
ples P = 0.258 and the average number of alleles is also 20.
'The oldest known living whitebark pine specimen located
at Railroad Ridge is homozygous for 13 of the loci scored
(no detectable protein activity at the remaining three loci):
12 loci are homozygous for common alleles and one locus is
homozygous for a rare allele.

Chloroplast DNA (cpDNA) Variation

Among 160 samples, 34 unique multilocus SSR geno-
types were generated. High levels of genetic diversity are
found in all samples (expected heterozygosity (H,) = 0.516
and number of alleles (Na) = 6.7, Table 4). Zone means
are less diverse though still high (H, = 0.481, Na = 4.2).

126

The zones containing the largest amount of diversity are
Bitterroots-Idaho Plateau then Clark Fork-Lolo Pass. The
Selkirk-Cabinets zone contains the lowest level of diversity
compared to the other zones.

Of the total variation measured, very little is found
among zones, indicating that the zones share a large de-
gree of genetic similarity and genetic structure (as did the
isozyme data). Analysis of Molecular Variance calculations
show 97 percent of the total variation is within zones, while
only 3 percent among zones. Genetic identity also indicates
high degrees of similarity among zones (Table 5). Zones are
differentiated more by the cpDNA SSR data than with the
isozyme data. Similarity among zone pairs ranges from 81.6
percent (Nevada and Selkirk-Cabinets zones) to 98.4 per-
cent (Clark Fork-Lolo Pass and Selkirk-Cabinets zones). A
graphical representation of the similarity among zones using
Principal Component Analysis highlights that the Nevada
zone is strongly separated from the other zones, whereas the
Central Montana and Bitterroots-Idaho Plateau zones share
proximity (Figure 2b). The Selkirk-Cabinets zone is clos-
est to Clark Fork-Lolo Pass, followed by Missions-Glacier
Park, Central Montana and Bitterroots-Idaho Plateau,
then the Greater-Yellowstone-Grand Teton zone. The per-
centage of variation explained by the first two coordinates
is 77.0 percent (87.9 percent by the first three coordinates).
A mid-point phenogram (Figure 3b) shows similar zonal
relationships: the Selkirk-Cabinets, Clark Fork-Lolo Pass,
and Missions-Glacier Park zones form a group; followed by
Central Montana and Bitterroots-Idaho Plateau, Greater-
Yellowstone-Grand Teton, then the Nevada zone.

When removing the a priori defined zone designations
from the samples, Principal Component Analysis using all
continuous variables (cpDNA SSR markers, latitude, longi-
tude, and elevation) indicates that each principal component
is explaining different characteristics of the structure of the
data. Cluster analysis using these variables shows that there
are some imperfect groupings by zone, with individuals
from the Nevada zone being strongly associated as a group.
Discriminant analysis has a 44 percent mean correct clas-
sification rate for zone designations when using the cpDNA
SSR markers. By adding latitude, longitude, and elevation
to the analysis, the mean correct classification rate increases
to 84 percent, showing that cpDNA variation alone does not
recreate @ priori zone designations well.
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Figure 2. Principal Coordinate
Analysis of seven zones of
whitebark pine based on
isozyme (A) and chloroplast
(coDNA) SSR markers (B).

B Zone designations as follows:

BTIP=Bitterroots-ldaho

¢ CFLP

PCoA 1 (44%)

L . Plateau, CFLP=Clark Fork-
Principal Coordinates - coDNA SSR Data Lolo Pass, CLMT=Central
Montana, GYGT=Greater
Yellowstone-Grand Teton,
¢ SKCS MSGP=Missions-Glacier
- ¢ NEVA Park, NEVA=Nevada,
& ¢ CFLP SKCS=Selkirk-Cabinets.
~
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o
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Figure 3. Mid-point phenograms of seven seed zones of whitebark pine from pairwise genetic distances using Neighbor-joining
methods based on isozyme (A) and chloroplast (cpDNA) SSR markers (B). Significance of branches determined from 1,000
bootstrap replicates, resolved using Majority Rule extended method in Phylip v 3.68. Numbers at nodes represent the number of
replicates out of 1,000 where the branch pattern occurred (>500). Zone designations as follows: BTIP=Bitterroots-Idaho Plateau,
CFLP=Clark Fork-Lolo Pass, CLMT=Central Montana, GYGT=Greater Yellowstone-Grand Teton, MSGP=Missions-Glacier Park,
NEVA=Nevada, SKCS=Selkirk-Cabinets.
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Table 4. Genetic diversity statistics for Inland West whitebark pine samples based on three chloroplast (cpDNA) SSR markers. N = sample size; N, = number of alleles; N, = effective number of alleles; | =
information index; H, = expected heterozygosity.

Greater Yellow-
Zone (Standard Bitterroots- Clark Fork- Central stone- Missions- Selkirk-
Errors) Idaho Plateau Lolo Pass Montana Grand Teton Glacier Park Nevada Cabinets Zone Mean All Samples

N 22 (0.000) | 22 (0.000) | 18 (0.000) |29 (0.000) 25 (0.000) | 21 (0.000) | 23 (0.000) | 22.9 (3.400) | 160 (0.000)
Na 5 (1.155) | 4.333 | (1.333) |4.333 | (2.333) |4.000 | (1.000) 4.333 | (1.453) | 3.667 | (0.882) | 4.000 | (1.528) | 4.238 (0.480) | 6.667 | (1.764)
Na Freq. >=5% 3.333 | (0.667) | 3.333 | (0.882) |4.333 |(2.333) |[3.000 | (1.000) 3.000 | (1.000) | 2.667 | (0.333) | 2.000 | (0.577) | 3.095 (0.648) | 4.000 | (1.528)
N, 2.927 | (1.025) | 2.68 | (0.997) |2.991 | (1.745) |2.386 | (0.841) 2.527 | (0.960) | 2.116 | (0.431) | 2.174 | (0.807) | 2.543 (0.395) | 3.059 | (1.460)
1 1.169 | (0.310) | 1.042 | (0.341) | 0.904 | (0.555) | 0.901 | (0.400) 0.978 | (0.367) | 0.889 | (0.249) | 0.805 | (0.399) | 0.955 (0.096) | 1.116 | (0.434)
Number of 0.333 | (0.333) | 0.000 | (0.000) | 0.000 | (0.000) |0.333 | (0.333) 0.000 | (0.000) | 0.333 | (0.333) | 0.000 | (0.000) | 0.143 (0.178) | 6.667 | (1.764)
Private Alleles

H, 0.574 | (0.124) | 0.526 | (0.139) | 0.414 | (0.216) | 0.472 | (0.162) 0.494 | (0.149) | 0.479 | (0.120) | 0.407 | (0.188) | 0.481 (0.035) | 0.516 | (0.172)

Table 5. Pairwise zone matrix of Nei’s genetic identity for Inland West whitebark pine samples using three chloroplast (coDNA) SSR markers.

High levels of genetic diversity over all samples and
within zones are found in whitebark pine when measured
with isozymes. These measures of genetic diversity cor-
respond to the species distribution occurring in eastern
California, Idaho, Montana, Nevada, eastern Washington,
and Wyoming (Figure 1, Table 1). Compared to whitebark
pine from Oregon and Washington (USDA Forest Service
2009, unpublished report) these samples had higher mean
expected heterozygosity (H, = 0.271 vs. 0.194), more alleles
per locus (Na = 4.0 vs. 1.9), and higher percent polymorphic
loci (P = 100 vs. 65.0 percent). However, levels of diver-
sity detected with chloroplast SSR variation in these two
studies are similar for expected heterozygosity (H, = 0.516
vs. 0.568) and effective number of alleles (Na = 3.1 in both
studies).

Species with an outcrossing breeding system, large
geographic range, long-life span, high fecundity, and wind-
dispersed pollen and seeds, often have high levels of genetic
diversity; though seed dispersal in whitebark pine is largely
attributed to seed caching by Clark’s nutcracker. Diversity
levels in these collections of whitebark pine are similar to
or greater than levels found in other conifers (Hamrick and
others 1994, Steinhoff and others 1983, Wheeler and Guries
1982, Yang and Yeh 1993, Yeh and Layton 1979) that occupy
the same forest cover type (Table 6). Expected heterozygosity
is also greater, though similar in level to some other stud-
ies of whitebark pine (Bruederle and others 1998, Jorgensen
and Hamrick 1997, Krakowski and others 2003, Rogers and
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Bitterroots- Clark Fork- Central Greater Yellowstone- Missions- Selkirk-

Zone Idaho Plateau  Lolo Pass Montana Grand Teton Glacier Park Nevada Cabinets
Bitterroots-ldaho Plateau 1.000
Clark Fork-Lolo Pass 0.958 1.000
Central Montana 0.969 0.961 1.000
Greater Yellowstone-Grand Teton 0.955 0.937 0.950 1.000
Missions-Glacier Park 0.956 0.980 0.964 0.957 1.000
Nevada 0.883 0.854 0.884 0.873 0.852 1.000
Selkirk-Cabinets 0.921 0.984 0.937 0.899 0.966 0.816 1.000

Discussion others 1999, Yandell (1992) and limber pine (Hamrick and

others 1994, Jorgensen and others 2002, Schuster and oth-
ers 1989, Schuster and Mitton 2000) and similar to quaking
aspen (H, = 0.271), historically regarded as the most geneti-
cally diverse tree species (Cheliak and Dancik 1982). The
degree of expected heterozygosity may be confounded due
to the large geographic scale represented among the sam-
ples included in this study (38.08° to 48.98°N latitude and
-107.09° to -119.96°W longitude).

Overall zones share a high degree of genetic similarity;
however, some relationships appear to exist. The Nevada
zone is differentiated from the other zones as seen by the
unique maternal haplotype, high pairwise F¢ values, low
overall genetic similarity values, and placement in the prin-
cipal component plots, cluster diagrams, and phenograms.
Though the three-year bumper cone crop cycle is predictable
for members of the subgenus Strobus, another unique feature
of whitebark pine from the Nevada zone is the timing of the
three-year cycle; for example, recent bumper cone crops in
the Northern Rockies were in 2003 and 2006, whereas bum-
per cone crops in Nevada followed in 2004 and 2007. The
Greater Yellowstone-Grand Teton zone also shows a larger
degree of differentiation from the other zones. The Selkirk-
Cabinets, Clark Fork-Lolo Pass, and Missions-Glacier Park
zones share similarity and cluster together in the principal
component plots and phenograms, regardless of the genet-
ic marker used for the analysis. The Central Montana and
Bitterroots-Idaho Plateau zones also share similarity and
cluster together in the principal component plots and cp-

DNA phenogram.
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Table 6. Contrast of genetic diversity and F-statistics from isozyme date for selected members of the subgenus Strobus and associated
species in the subalpine, mixed-conifer forest cover type. N = sample size (population or individuals); P = percent polymorphic loci;
Na = number of alleles; H, = expected heterozygosity; Fg;/ G; = genetic structure among populations or seed zones.

Species # Loci N P Na H, Foi/ G Citation
Strobus
Pinus albicaulis 16 147 100 4 0.271 0.026 This study
13 14 48.8 1.6 0.204 0.088 Yandell (1992)
20 30 85 3 0.102 0.034 Jgrgensen and Hamrick 1997
19 9 79 2.1 0.154 0.025 Bruederle and others 1998
21 80 54.5 - - 0.004 Rogers and others 1999
10 ~510 70 2.0 0.262 0.061 Krakowski and others 2003
Pinus aristata 21 597 76 2.1 0.070 0.220 NFGEL, unpublished data
Pinus flexilis 12 5 93.3 2.4 0.295 0.035 Schuster and Mitton 2000
20 30 95 3.7 0.186 0.101 Jgrgensen and others 2002
27 16 65.1 2.4 0.223 0.149 Hamrick and others 1994
10 2 - - 0.320 0.022 Schuster and others 1989
23 550 59 2 0.165 0.147 NFGEL, unpublished data
Pinus monticola 12 28 92 2 0.191 0.148 Steinhoff and others 1983
Associated species in mixed-conifer type
Abies lasiocarpa 25 10 56.5 2.49 0.181 0.109 Hamrick and others 1994
Picea engelmannii 26 19 63.5 2.53 0.182 0.101 Hamrick and others 1994
Pinus contorta ssp. contorta 21 66 12 - 0.180 0.076 Yang and Yeh 1993
42 5 65 1.81 0.126 0.032 Wheeler and Guries 1982
25 135 59 1.9 0.167 0.041 Yeh and Layton 1979

Gene flow in whitebark pine involves the movement of
pollen and seed. Pollen dispersal (as elucidated by the cp-
DNA data) is not sufficient to swamp the genetic structure
resulting from seed dispersal among seed zones (Figure 3a,
3b). Moreover, with such a small proportion of the vari-
ability found among seed zones, substituting bulked cone
collections for individual-tree cone collections in the sam-
pling scheme would likely not have shown any additional
genetic structure. As with limber pine (Latta and Mitton
1997), the large difference between cpDNA and mtDNA
data indicates pollen rather than seed movement is contrib-
uting to the bulk of gene flow in whitebark pine.

Whitebark pine is hypothesized to have inbred popu-
lations due to its discontinuous distribution, with isolated
populations occurring at high elevations, and its seed dis-
persal by Clark’s nutcracker. Supporting this, Jergensen
and Hamrick (1997) found a higher degree of inbreeding in
whitebark pine than in other conifers, which they attributed
to pollination within tree clusters. Here, mean outbreeding
rates among seed sources within a zone as measured by iso-
zymes indicate a lack of inbreeding, confirmed by neutral
fixation index values (F), low inbreeding coeflicient values
(F\g and F|p), and high numbers of migrants (N _ = 9.354).
Typical for conifers, N ranges from 5 to 20 (Ledig and oth-
ers 1997, Mitton and Williams 2006). Limited pollen flow
or seed dispersal near tree line, due to a climatic warming
trend, might lead to subpopulation structuring, increases in
inbreeding, or a reduction in genetic variation (Rogers and
others 1999). Genetic structure (Fy=0.026) among these
144 samples and 16 isozyme loci show a 6.5-fold increase
in the fixation index as compared to three watersheds and

21 loci (Fgp = 0.004) sampled by Rogers and others (1999)
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in the eastern Sierra Nevada, but comparable in genetic
structure (Fgp =0.025) among nine populations sampled in
the Greater Yellowstone area (Bruederle and others 1998).
Wind-pollination and seed caching by Clark’s nutcrackers
promotes a high degree of within-population variation in
whitebark pine. Practical applications of these findings rat-
ify existing management direction for cone collections used
in restoration planting, where an operational lot of a wind-
pollinated tree species contains seed from no fewer than 20
cone-bearing trees separated by 200 ft (61 m) in distance to
minimize inbreeding depression in the subsequent progeny
(USDA Forest Service 2010). Maintenance of three, bulked
seed lots in inventory, for each seed zone and 400-foot (122
m) elevation band, satisfies the requirement of genetic sam-
pling in space to maintain an effective population size of 60
individuals. Effective population size is defined as the num-
ber of breeding individuals in an idealized population that
show the same amount of dispersion of allele frequencies
under random genetic drift or the same amount of inbreed-
ing as the population under consideration. Moreover, there
is no need for additional seed orchard design considerations
to maintain a suitable effective population size (spatially
separating ramets of the same genotype by more than 80
feet (24 m)).

An opportunity to correlate these molecular data (Fgy.)
with quantitative trait data indices (Qgy) observed in a
common garden study (Mahalovich submitted), provides
additional insights into the evolutionary forces operating in
whitebark pine. The relative magnitude of these indices is in-
formative regarding the role of natural selection and genetic
drift as a causal agent of the observed degree of seed source
differentiation in quantitative (adaptive) traits. Genetic drift
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involves random fluctuations in the frequency of alleles
that can lead to allele loss in isolated or small populations.
Genetic drift can also occur when the size of a population is
reduced through a genetic bottleneck. Present-day examples
of potential bottlenecks affecting whitebark pine include
mortality due to mountain pine beetle, uncontrolled fire, or
blister rust. Omitting the Nevada samples, which were not
available in the common garden study, F'¢ is equal to 0.025.
Qgr in the control (uninoculated) seedlings for six-year
height (0.12) and late winter cold hardiness (0.11) indicate
differentiation due to directional selection and adaptation to
local environments (Qgr > Fgr), whereas survival (0.25) in-
dicates differentiation due to genetic drift (Qgp = Fop). Qgr
in the treatment (inoculated) seedlings for spot symptoms
per meter (0), no spotting symptoms (<0.01), shedding of in-
fected needles (<0.01), and canker tolerance (0.02) indicate
convergent selection favoring the same genotype in differ-
ent environments. These traits however, are highly sensitive
to the deliverable basidiospore load and could be more in-
dicative of lighter spotting (the first observable symptom in
needle tissue) in an artificial inoculation. Qg in the remain-
ing treatment seedlings for survival (0.07), six-year height
(0.19), late winter cold hardiness (0.10), percent rust resis-
tance (0.14), and the individual, rust-resistance traits of early
stem symptoms (0.03), fungicidal short shoot (0.17), and
bark reaction (0.37) favor differentiation due to directional
selection and adaptation to local environments. Where Q-
> Fp and the average observed heterozygosity in the top 10
rust resistant selections is less than all samples (0.238 < H_ <
0.258, Table 1), the introduction of blister rust around 1925
in whitebark pine cover types (McDonald and Hoft 2001)
appears to be exerting selection pressure and adaptation to
local environments in the last two generations. The blister
rust introduction site corresponds to the geographic location
of the Selkirk-Cabinet zone, which also exhibits the lowest
level of genetic diversity (H, = 0.407, Table 4). These data
however, do not indicate there is a strong enough selection
pressure to begin to identify unusual genes limited in their
geographic distribution.

Mahalovich (submitted) supports the consolidation of
six seed zones to four in the Northern Rockies. The cur-
rent study evaluating neutral markers is largely in agreement
with those findings and further supports consolidation of six
seed zones to three in the Northern Rockies, while main-
taining the uniqueness of the Nevada zone. Nei’s genetic
identity supports combining the Clark Fork-Lolo Pass and
Missions-Glacier Park zones. The Principal Component
Analysis (PCA) for the isozyme data extends the similarity
among the Clark Fork-Lolo Pass, Missions-Glacier Park and
Selkirk-Cabinets zones. Though the PCA shows similarity
among the Bitterroots-Idaho Plateau, Central Montana and
Nevada zones, samples from Nevada zone were not available
for the common garden study. The Nevada samples re-
ported here all contain maternal haplotype 2; therefore, the
Nevada zone will remain a distinct seed zone. Isozyme data
would then support combining the Bitterroots and Central
Montana zones. Owing that more samples were not available
south of 44.5° N latitude (from central and southern Idaho)
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and that the common garden study emphasizes traits with
adaptive value, these two zones will remain distinct. Genetic
diversity statistics using the three chloroplast SSR markers
also show the Bitterroots-Idaho Plateau zone to be distinct
with the highest level of genetic diversity. Lastly, the four
adaptive traits from the common garden study, isozyme data
and three chloroplast SSR markers reported here, all support
the Greater Yellowstone-Grand Teton zone remaining a dis-
tinct zone. Taken collectively, the Bitterroots-Idaho Plateau,
Central Montana, and Greater Yellowstone-Grand Teton
zone boundaries remain as originally defined (Mahalovich
submitted); however, the Selkirk-Cabinets, Clark Fork-
Lolo Pass and Missions-Glacier Park zones show sufficient
overlap to support consolidation into one zone, renamed the
‘Inland Northwest’. This consolidated zone is approximate to
Bailey’s M333 Northern Rocky Mountain Forest-Steppe—
Coniferous Forest—Alpine Meadow Province (Bailey
1995). 'The geographic areas defined by the three remain-
ing Northern Rockies zones show little congruence to
other mountain province boundaries in the temperate steppe
division.

Since both studies incorporate genetic data, these re-
aligned seed zones will also serve as breeding zones or
geographic areas based on the anticipated adaptability of
an improved population of trees in the genetic restoration
program for the Inland West (Mahalovich and Dickerson
2004). These five breeding zones are already in effect for seed
procurement planning, genetic testing and seed orchard es-
tablishment. Field data (10 years from seed) on control
(uninoculated) and treatment (inoculated) seedlings planted
in a long-term field test are being evaluated in combina-
tion with climatic data to reconfirm the veracity of the zone
boundaries.

The development of a comprehensive genetic profile
(Table 1) to determine those seed sources at risk for being
lost due to their apparent uniqueness will facilitate gene con-
servation in whitebark pine. Ex sifu conservation activities in
the Inland West Genetic Restoration Program (Mahalovich
2000, Mahalovich and Dickerson 2004) include estab-
lishing seed orchards, clone banks, and long-term genetic
tests, while building long-term seed and pollen banks. In
situ conservation is being met by: (1) federal lands classi-
fied in wilderness areas, (2) Research Natural Areas (RNAs)
specific to the USDA Forest Service (Evenden and others
2001), and (3) the network of plus trees designated and pro-
tected against mountain pine beetle across multiple federal
ownerships (USDA Forest Service, USDI-Bureau of Land
Management and USDI-National Park Service). Upwards of
950 plus trees are designated in the program. A recent as-
sessment shows 21 percent of those plus trees have been lost
to mountain pine beetle, fire, and blister rust in descending
order.

For the USDA Forest Service Northern Region there
are 25 RNAs with a whitebark pine component cover-
ing 53,771 acres, and 23 RNAs covering 34,416 acres in
the Intermountain Region (Evenden and others 2001).
Identification of potential candidate areas involves the selec-
tion of seed sources utilizing the available genetic statistics
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(Table 1). Among the 48 RNAs there is little geographic
representation from the Clark Fork-Lolo Pass and Missions-
Glacier Park zones. Using the Missions-Glacier Park zone
as an example, the sample with the highest number of alleles
(n=25) and proportion of polymorphic loci (P = 0.563) is
Hornet Mountain (Flathead National Forest), whereas Big
Mountain from the same zone qualifies as a candidate area
because it has the highest percent rust resistance. Blacklead
Mountain (Clearwater National Forest) from the Clark
Fork-Lolo Pass zone qualifies as a candidate area with high
proportion of polymorphic loci (P = 0.438) and a highly de-
sirable combination of blister rust resistance and late winter
cold hardiness. Mahalovich (submitted) characterized blister
rust resistance in whitebark pine from the Northern Rockies
as having an unfavorable correlation to late winter cold har-
diness. The sample with the lowest number of unique alleles
(n=13) is from Railroad Ridge (Bitterroots-Idaho Plateau
zone), with no polymorphic loci (P = 0). Railroad Ridge
at first glance may not receive additional consideration;
however, other factors such as containing a rare allele and
supporting the oldest specimen of whitebark pine may el-
evate it as a candidate area for further evaluation. Where
RNAs embody preservation, other areas (for example,
Corbly Gulch, Gallatin National Forest, Central Montana
zone, P = 0.5 and n=24,) may facilitate active management
favoring silvicultural prescriptions to minimize species en-
croachment or to prepare seedbeds for natural regeneration.

Collectively these data show complementary relationships
between molecular markers and adaptive traits in a common
garden study. Continued analysis of long-term field data,
incorporating climatic variables, and artificial inoculations
of additional cone collections will facilitate the identifica-
tion of neutral markers influenced by selection and genetic
drift, particularly those genotypes demonstrating resistance
to blister rust and tolerance to mountain pine beetle. A com-
prehensive genetics profile will also benefit future research
addressing the molecular basis of blister rust resistance by fa-
cilitating the identification of seed sources with both blister
rust resistance and non-segregating isozyme loci. Moreover,
there is sufficient genetic diversity and genetic variation to
support the continuation of a rust resistance screening and
genetic restoration program for this species.

Management Implications
(USDA Forest Service 2010)

Operational cone collections in the field shall be com-
prised of no fewer than 20 cone-bearing trees separated by
200 ft (61 m) in distance.

For each seed zone and 400-foot (122 m) elevation band,
a minimum of three, bulked seedlots shall be maintained to
achieve an effective population size of 60 individuals at any
given time.

Seed zones in the Whitebark Pine Inland West Genetic
Restoration Program have been consolidated from seven to
five geographic areas. The revised seed zones shall be used
for seed procurement planning and seed transfer.
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These five seed zones also serve as breeding zones for seed
orchard design, future genetic testing and breeding orchard
establishment.

Seed orchard design will adhere to considerations for
wind-pollinated conifer species with no increase in spa-
tially separating ramets of a genotype by more than 80 feet
(24 m)).
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