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Genetic variation and population structure in
Fraser fir (Abies fraseri): a microsatellite
assessment of young trees

Kevin M. Potter, John Frampton, Sedley A. Josserand, and C. Dana Nelson

Abstract: The island-like populations of Fraser fir (Abies fraseri (Pursh) Poir.) have been isolated since the end of the
late-Wisconsinian glaciation on the highest peaks of the Southern Appalachian Mountains and therefore offer an opportu-
nity to investigate the genetic dynamics of a long-fragmented forest tree species. An analysis of eight microsatellite
markers isolated from Fraser fir found that the species was out of Hardy—Weinberg equilibrium, with a significant defi-
ciency of heterozygosity and a high degree of inbreeding (Fis = 0.223) relative to other conifers, perhaps associated in
part with the young life stage of the trees included in the analysis. The analysis detected a significant but small amount of
genetic differentiation among Fraser fir populations (Fst = 0.004) and revealed that the geographical and latitudinal distan-
ces between populations, but not population area, were significantly correlated with their pairwise genetic differences.
Both gene flow and postglacial migration history may have influenced the genetic architecture of the species. The results
will be useful in the genetic conservation of Fraser fir, a species experiencing severe mortality following infestation by an

exotic insect.

Résumé : Les populations de type insulaire de sapin de Fraser (Abies fraseri (Pursh) Poir.) sont demeurées isolées sur les
plus hauts sommets du sud des Appalaches depuis la fin de la glaciation du Wisconsinien supérieur. Elles représentent
donc une occasion d’étudier la dynamique des populations chez une espéce forestiére fragmentée depuis longtemps. L’an-
alyse de huit loci de microsatellites isolés chez le sapin de Fraser a permis de mettre en évidence que I’espéce était en
déséquilibre d’Hardy—Weinberg, avec une déficience significative en hétérozygotes et un niveau élevé d’endogamie (Fis =
0,223) par rapport aux autres coniféres. Ce résultat est possiblement relié en partie au fait que des arbres au stade juvénile
ont été inclus dans I’étude. L’analyse a permis de détecter un niveau significatif mais faible de différenciation génétique
parmi les populations de sapin de Fraser (Fst = 0,004). Les distances géographiques et latitudinales séparant les popula-
tions, et non leurs régions d’appartenance, étaient corrélées significativement avec leurs différences génétiques par paire.
Le flux génique ainsi que histoire migratoire post-glaciaire ont pu avoir une influence sur Iarchitecture génétique de
Pespéce. Les résultats permettront de guider les efforts de conservation chez le sapin de Fraser, une espéce qui connait
une forte mortalité due a une infestation causée par un insecte exotigue.

[Traduit par la Rédaction]

Iintroduction

Fraser fir (Abies fraseri (Pursh) Poir.) offers the opportu-
nity to investigate the long-term genetic dynamics of a tree
species consisting of relatively small populations that have
been isolated for thousands of years. Such species with re-
stricted ranges generally exhibit lower levels of genetic var-
iation than more widespread congeners (Gitzendanner and
Soltis 2000; Godt and Hamrick 2001), although the genetic
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structure of rare species may be determined by their evolu-
tionary history as well as by their life history attributes (Du-
minil et al. 2007). Fraser fir is endemic to a handful of the
highest ridge systems in the Southern Appalachian Moun-
tains in the states of North Carolina, Tennessee, and Vir-
ginia (Fig. 1), where it occurs almost entirely at elevations
above 1300 m, usually in association with red spruce (Picea
rubens Sarg.) at lower elevations and as the dominant tree
species above 1800 m (Busing et al. 1993).

During the peak of the late-Wisconsin glacial period,
18000 years to 12500 years ago, firs existed in mixed bor-
eal forests across much of the southeastern United States,
but warming climate conditions eliminated lower-elevation
fir stands by 8000 years ago (Delcourt and Delcourt 1984).
Such fragmentation may have negative genetic consequen-
ces because small population size may be accompanied by
genetic drift and inbreeding and because isolation decreases
the amount of gene flow among populations (Young et al.
1996). A small amount of gene flow among isolated plant
populations, in the form of pollen or seed dispersal, may be
enough to avert genetic drift and inbreeding (Ellstrand 1992)
but is less likely to occur with greater spatial isolation. The
genetic architecture of Fraser fir populations, therefore, may
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Fig. 1. Distribution of Fraser fir (Abies fraseri) in the Southern Appalachians of North Carolina, Tennessee, and Virginia.
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be determined by the counteracting forces of (i) genetic drift
and inbreeding, which tend to diminish within-population
genetic diversity and increase among-population differentia-
tion, and (if) gene migration, which tends to increase
among-population genetic diversity and decrease among-
population differentiation. At the same time, the genetic
structure of a forest tree species such as Fraser fir may be
affected by the scale of fragmentation, its pollination biol-
ogy, and its evolutionary history (Young and Boyle 2000).

Assessments of Fraser fir allozymes and growth character-
istics have detected significant genetic differences among its
populations. A study of five allozyme markers in Fraser fir
concluded that allelic frequencies differed slightly but sig-
nificantly among five of the species’ populations, most
likely as a result of locally restricted mating and genetic
drift (Ross 1988). This research further determined that the
most isolated population, Mount Rogers in Virginia, was
probably a genetic outlier; a separate isozyme analysis of
three Fraser fir populations also found that the Mount Rog-
ers population somewhat differentiated from two southern
Fraser fir populations (Jacobs et al. 1984). A Christmas tree
growth trial using open-pollinated seeds from the same five
populations as Ross’ (1988) work found that trees from low-

elevation and more southerly sources grew more quickly
than those from high-elevation and more northerly sources
(Arnold et al. 1994). Recent research encompassing all six
major Fraser fir populations has confirmed these results,
finding highly significant population differences in lateral
branch frost damage (Emerson et al. 2006) and in height
growth and crown density, although more variation in height
growth and crown density existed among families within
populations than among populations (Emerson et al. 2008).

The current study is the first to use highly variable micro-
satellites to investigate the genetic composition of Fraser fir,
is the largest Fraser fir marker study to date, and is the first
encompassing all of the major populations of the species.
We used microsatellite molecular markers isolated from
Fraser fir (Josserand et al. 2006) to (i) quantify the genetic
architecture of Fraser fir, including whether interpopulation
gene flow has had an effect on the genetic characteristics of
these populations, and (ii) assess whether the geographic
characteristics of populations, such as area, isolation, eleva-
tion, and latitude, are associated with their genetic character-
istics. The results are assisting in the completion of an ex
situ gene conservation strategy for Fraser fir, which has
been decimated in recent decades by the exotic balsam
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woolly adelgid (Adelges piceae Ratz.) (Dull et al. 1988) and
may be further vulnerable to extirpation because of global
climate change (Delcourt and Delcourt 1998).

Total
51
54
57
65
31
44

302

Materials and methods

Sample collection and DNA extraction

This study encompassed 302 foliage samples representing
the six major Fraser fir populations (Table 1). Each sample
was grown from open-pollinated seed collected from a dif-
ferent mother tree (representing 302 mother trees) during an
exceptional cone production year in 1994 (McKeand et al.
1995), after the peak of balsam woolly adelgid mortality
(Dull et al. 1988). Cones were harvested from a range of el-
evations on 17 mountains across the six major populations;
most cones were taken along roads and major trails so that
as many trees as possible could be sampled and were spaced
at least 50 m apart to reduce the chance of collecting from
half-sibling trees. These seed lots were tested for their ger-
mination rate and placed in cold storage. Of the 302 foliage
samples used in this study, 180 were collected in 2002 from
6-year-old saplings in a rangewide provenance test of Fraser
fir, while 122 were collected in 2004 from 6-month-old
greenhouse-grown seedlings. Microsatellite population ge-
netic statistics were later compared between greenhouse-
grown samples and provenance test samples to assess
whether the levels of heterozygosity in the groups were af-
fected by life stage, as has been detected in allozymes
(Bush and Smouse 1992). An additional 11 subalpine fir
(Abies lasiocarpa (Hook.) Nutt.) seedlings from British Co-
lumbia, grown from seed provided by the National Tree
Seed Centre of Canada, represented an outgroup for the con-
struction of neighbor-joining trees. Genomic DNA was ex-
tracted from the foliage samples using DNeasy Plant Mini
Kits (Qiagen, Chatsworth, California).

18
31
26
21
6
20
122

Samples
3
31
44
25
24
180

Effective
1723
1799
1535
1781
1470
1687
1682

Elevation (m)

Mean
1731
1844
1616
1810
1605
1767
1729

Latitude
35.38
35.75
36.65
36.09
35.93

36.1
359

Longitude
-83.02
-81.82

-82.28
-83.39
-81.52
-82.14
-82.36

94.9
1.4

6
74.2
94.3
120.5
64.1
85

Mean

Microsatellite analysis

The 11 microsatellite markers included in this study were
developed from a Fraser fir genomic library enriched for mi-
crosatellite sequences (Josserand et al. 2006). Polymerase
chain reaction (PCR) amplification was performed in 12 ul.
reaction volumes containing 10 ng of genomic DNA,
125 pumol/lL of each forward and reverse primer,
0.625 mmol/L dNTPs, 1x Taq buffer (2.0 mmol/L. MgCl,,
10 mmolV/L Tris—-HCI, 50 mmol/L KCI), 120 mmol/L
MgCl,, and 0.5 U “hot start” Platinum 7ag DNA polymer-
ase (Invitrogen Corp., Carlsbad, California). The PCRs were
completed using the following touchdown protocol on PTC-
100 thermal cyclers (MJ Research, Watertown, Massachu-
setts): 2 min at 94 °C followed by 20 cycles of 30 s at
94 °C, 30 s at X, and 30 s at 72 °C, where X = 65 °C in the
first cycle decreasing by 0.5 °C every cycle thereafter, fol-
lowed by 15 cycles of 30 s at 92 °C, 30 s at 55 °C, and
1 min at 72 °C followed by a 15 min extension at 72 °C
and an indefinite hold at 4 °C. The primer pairs were multi-
plexed during PCR, with all the forward primers 5-end la-
beled with different fluorophores (6-FAM, VIC, PET, or
NED) to avoid the amplification of different loci with simi-
lar lengths using the same labeled primers.

The resulting PCR products were purified using Performa
DTR V3 96-Well Short Plates (Edge BioSystems, Gaithers-

3

Distance (km)

Nearest

21.2
25.2
Note: For sample origins, (a) foliage sample collected from provenance test in 2002 from seed collected by Steve McKeand in 1994 and (b) foliage sample grown in greenhouse in 2004 from seed

collected in 1994.

10.2
26.1
21.2
10.2
62

Size (ha)
2587.2
3354.8

260.9
10846.1

415.7

705
18169.7

Table 1. Geographic characteristics of Fraser fir (Abies fraseri) populations and number of samples collected per population, with each sample consisting of a single open-pollinated

seedling derived from a different mother tree.

Balsam Mountains (BLS MTS)

Black Mountains (BLK MTS)
Grandfather Mountain (GFR MTN)

Great Smoky Mountains (GS MTS)

Mount Rogers (MT RGS)
Roan Mountain (RN MTN)

Population (abbreviation)

Total
Mean
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burg, Maryland) and then separated on an ABI 3700 genetic
analyzer (Applied Biosystems, Foster City, California) as
recommended by the manufacturer. Peaks were sized (base
pairs) and binned, and alleles were called, with Genotyper
software (Applied Biosystems), using GS(500-250)LIZ as
an internal size standard for each sample. To test the effi-
cacy of PCR multiplexing, sets of primer pairs were tested
with the same set of 23 samples in both individual marker
and multiplex marker runs. The same alleles for each locus
were observed whether the primer pair was run individually
or in a multiplex set.

Spatial analysis

ArcGIS 8.1 (ESRI 2001) was used to determine the area
of each Fraser fir population and to measure the pairwise
geographical distances between population edges (Table 1).
The spatial extent of each population was determined with
a digital elevation mode! using areas above 1550 m within
the Southern Appalachian Assessment’s red spruce— Fraser
fir forest data layer (Hermann 1996).

The interaction of elevation and latitude plays an impor-
tant role in influencing the climatic conditions that deter-
mine the distribution of the Fraser fir—red spruce forest
type in the Appalachian Mountains (Cogbill and White
1991). In the absence of temperature and precipitation data
available at small scales, we calculated a measure of effec-
tive elevation (Eg) for each sample using our coordinate data
for each mother tree. This value reflects the finding by
Cogbill and White (1991) that the Appalachian spruce —fir/
deciduous forest ecotone elevation decreases by 100 m for
each degree of latitude and was calculated as

Eg = Eo — (100)AL

where Eqg was the original elevation in metres of a mother
tree and AL was the difference in latitude between that
mother tree and the latitude of the southernmost mother
tree in the analysis (35.2983°N, 1621.5 m in the Balsam
Mountains). Effective elevation, therefore, is the elevation
of each Fraser fir mother tree if it were located at
35.2983°N based on the assumption that a consistent change
in environmental conditions occurs with increases in latitude
and elevation.

Data analyses

FSTAT v. 2.9.3.2 (Goudet 1995) tested linkage disequili-
brium among all pairs of loci and calculated the Weir and
Cockerham (1984) within-population inbreeding coefficient
(Fis) and among-population divergence (Fgy). FSTAT also
was used to generate basic population-level measures of
genetic diversity, including allelic diversity (A) and mean
allelic richness (Ag). Genepop (Raymond and Rousset 1995)
conducted exact tests for Hardy—Weinberg equilibrium for
each locus and population and estimated interpopulation
gene flow (Nm) using the private allele method (Barton and
Slatkin 1986) corrected for sample size, both for all popula-
tions and for all pairs of populations. PopGene32 (Yeh et al.
2000) computed observed heterozygosity (Hg) and expected
heterozygosity (Hg) given Hardy—Weinberg equilibrium. Mi-
cro-Checker 2.2.3 (van Qosterhout et al. 2004) estimated
null allele frequencies at each locus. We utilized the Micro-
Checker module that adjusts null allele frequencies to ac-
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count for the expected presence of inbreeding (van Qosterh-
out et al. 2006) using an Fyg estimate of 0.1028 from a
previous Fraser fir allozyme study (Ross 1988). For the two
loci for which this method could not find a solution (AfSI09
and AfSI/4), we estimated null frequencies using the
approach of Brookfield (1996). To estimate the genetic dis-
tance between populations, we computed population Fgr
values between each pair of populations using FSTAT
(Goudet 1995) as well as chord genetic distance (D¢) (Cav-
alli-Sforza and Edwards 1967) using the GENDIST compo-
nent of PHYLIP 3.6 (Felsenstein 2005). Chord distance is
based on a geometric model that does not require assump-
tions about whether microsatellites mutate under the infinite
alleles model or the stepwise mutational model (Takezaki
and Nei 1996) and is less biased by null alleles than Nei’s
genetic distance in microsatellite analyses (Chapuis and
Estoup 2007). The Isolation by Distance 1.5 (IBD) software
package (Bohonak 2002) quantified the relationships be-
tween these genetic differences and the geographic charac-
teristics of population isolation and latitude by using a
Mantel test to regress all pairwise genetic distances with
each of their corresponding geographic matrices. Addition-
ally, Pearson correlation coefficients were calculated be-
tween  population genetic data and  geographic
characteristics using the PROC CORR procedure in SAS
9.1 (SAS Institute Inc. 2003). Mean germination rates of the
open-pollinated seed lots used from each population were
also tested for correlations with population genetic data and
geographic characteristics. A neighbor-joining tree was con-
structed using the SEQBOOT, GENDIST, NEIGHBOR, and
CONSENSE components of PHYLIP 3.6 (Felsenstein 2005),
computed from population allelic frequencies using chord
distance D¢. Confidence estimates associated with the topol-
ogy of the tree were assigned based on 1000 bootstrap repli-
cates.

Results

Because the samples used in this study were all grown
from seed, the inadvertent selection of genotypes under con-
trolled growth conditions could create a potential source of
bias compared with mature trees grown in natural stands. In
fact, we would expect this to be the case, since Ross (1988)
found considerable genetic differences between parent and
offspring Fraser fir trees in an allozyme study. We deter-
mined, however, that such bias is unlikely to exist between
the 6-month-old greenhouse samples and the 6-year-old
provenance test samples included in this study, both of
which were grown from seed collected in 1994. A ¢ test
found no difference in the mean germination rates of the
two groups (30% for the greenhouse-grown samples and
32.7% for the provenance test samples). To test for potential
genetic differences between the groups caused by differen-
tial selection forces, we compared a subset of 32 samples
from each group, paired by population and elevation
between groups to control for the effects of provenance and
elevation of origin. The greenhouse and provenance test
results were not statistically different for mean Hp (0.347
and 0.351, respectively), Fis (0.235 and 0.232), and mean
alleles per locus (4.64 and 4.45). Additionally, the Fgr
between the groups was not significantly different from 0,
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Table 2. Relative measurements of genetic differentiation and estimates of gene flow
among Fraser fir populations using eight nuclear microsatellite loci.

Proportion of
Locus A Fis Ho He HWE null alleles
AfS102 10 0.204 (0.028) 0.385 0.489 *kokk 0.05
AfSI103 4 0.171 (0.058) 0.422 0.507 B 0.031
AfSI06 14 0.072 (0.024) 0.758 0.823 Bk -0.017
AfSI08 16 0.324 (0.052) 0.438 0.65 £ 0.17
AfS109 5 0.479 (0.206) 0.017 0.031 o 0.013
AfSI14 10 0.598 (0.051) 0.042 0.107 Hekskok 0.059
AfS116 10 0.312 (0.067) 0.489 0.722 ko 0.138
AfS120 5 0.123 (0.09) 0.18 0.207 ok 0.022
Total 0.223 (0.056) s
Mean 9.25 0.285 0.341 0.442 0.058

Note: A, alleles per locus; Fys, inbreeding coefficient; H,, and Hy, observed and expected heterozyg-
osity, respectively; HWE, Hardy-Weinberg exact test of heterozygote deficiency, with **p < 0.01,
*¥¥p < 0.001, and ****p < 0.0001. Loci AfSI04 and AfSI0S5 were omitted from analysis due to high
proportions of null alleles (0.277 and 0.32, respectively). Locus AfSI// was omitted from further ana-
lysis due to its significant (p < 0.05) linkage disequilibrium with AfSI03 and its higher proportion of
null alleles (0.11 versus 0.031). Standard error is given in parentheses. Null alleles were estimated
using Micro-Checker (van Oosterhout et al. 2004, 2006).

as determined by a jackknife test across loci. All samples
were subsequently included in the analyses.

Two loci, AfSIO4 and AfSI05, were eliminated from fur-
ther analysis because of a high estimated proportion of nuil
alleles (>0.2). Null alleles can occur as a result of priming
site mutations or large or small allele dropout (DeWoody et
al. 2006), inflating the number of homozygous genotypes
and resulting in overestimated inbreeding values and geno-
type frequencies (Amos 2006). Additionally, significant
linkage disequilibrium was found between two loci, AfSI03
and AfSI/I, with p < 0.05 after Bonferroni corrections.
AfSlI1 was removed from further analyses because its pro-
portion of null alleles (0.11) was higher than that of AfSI03
(0.031).

Microsatellite variation within Fraser fir

An exact test for Hardy—Weinberg equilibrium indicated a
significant deficit of heterozygotes for each locus and over
all loci (Table 2). Observed heterozygosity Hp, across the
loci for all samples (0.341) was considerably lower than the
mean expected heterozygosity under Hardy—Weinberg
expectations (0.442). Similarly, all of the Fraser fir popula-
tions had a highly significant deficit of heterozygotes
(Table 3). The significantly positive Fig inbreeding coeffi-
cient for Fraser fir (0.223) was indicative of a considerable
deficit of heterozygotes in the species and the likely pres-
ence of inbreeding (Table 2). Similarly, each of the Fraser
fir populations also had a significantly positive Fis value
(Table 3).

Among-population divergence Fgst averaged across the
loci was low (0.004), indicating a small proportion of
genetic variation occurred between populations. The value
of Fst, however, was significantly different from 0 after
jackknifing over loci. The predicted number of inter-
population migrants per generation, Nm, was 9.77 using the
private allele method of Barton and Slatkin (1986).

Population genetic variation and differentiation
The Great Smoky Mountain and Grandfather Mountain

populations had the most alleles per locus (5.88) followed
by the Balsam Mountain and Roan Mountain populations
(5.75). The Balsam Mountain and Grandfather Mountain
populations had the greatest allelic richness followed by
Mount Rogers. Grandfather Mountain and the Great Smoky
Mountains had the most private alleles and the highest mean
Nm value across their pairwise relationships with other pop-
ulations (Table 3).

The most isolated population, Mount Rogers, had rela-
tively high allelic richness but was also the most inbred
(highest Fig). It also had the most significant pairwise Fgr
relationships with the other populations (four, compared
with one or none for the others) and the lowest mean pair-
wise Nm with the other populations (Tables 3 and 4). Mean-
while, the Black Mountain population, which is the least
isolated population based on its mean distance to the other
populations, was the least inbred and possessed no private
alleles.

The consensus dendrogram of Fraser fir populations based
on chord distance D¢ depicted a well-supported clade con-
taining the three southernmost populations along with
Grandfather Mountain (Fig. 2). Two northern populations,
Roan Mountain and Mount Rogers, were increasingly dis-
tantly related to this cluster, with Mount Rogers strongly
supported as the most differentiated population.

Relationship between genetic and geographic
characteristics

No correlations existed between population area or mean
effective elevation and any genetic characteristic. Population
isolation, as measured by a population’s distance to the
nearest population, was correlated with each population’s
number of significant pairwise Fgr differences (r = 0.875,
p = 0.022), suggesting that more isolated populations were
more likely to be genetically differentiated. Mean geo-
graphic distance to all other populations, another measure
of isolation, was nearly significantly correlated with number
of significant pairwise Fgy differences (r = 0.761, p =
0.079). Neither inbreeding coefficient nor observed hetero-
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Table 3. Measures of genetic variation for each of six Fraser fir populations based on eight nuclear microsatellite loci, in-
cluding the number of pairwise Fsr values with other populations statistically different from O and mean pairwise Nm values

with all other populations.

Significant

Population n A Ar Ap Hy Hy Fis HWE Fsr Mean Nm
BLS MTS 51 5.75 4.6 5 0.334 0.444 0.251* Rdnk 1 59

BLK MTS 54 4.75 4.04 0 0.348 0.42 0.172* FEHE 1 5.56
GFR MTN 57 5.88 45 6 0.361 0.457 0.213* L 0 7.05

GS MTS 65 5.88 4.28 6 0.336 0.428 0.218* ok 1 7.22

MT RGS 31 5.13 4.49 4 0.343 0.468 0.271* FhEE 4 417

RN MTN 44 5.75 4.46 4 0.323 0.433 0.258* Hdkok 1 5.12
Mean 50.33 5.52 44 4.17 0.341 0.442 0.231 Rk 1.33 5.84

Note: A, mean alleles per locus; Ag, mean allelic richness; A, private (unique) alleles; H, and Hy; mean observed and expected hetero-
zygosity, respectively; Fy, mean fixation index, with p value based on 1400 randomizations; HWE, Hardy—Weinberg exact test of hetero-
zygote deficiency: *p < 0.05 and ****p < 0.0001. See Table 1 population for abbreviations.

Table 4. Pairwise differences among Fraser fir populations based on eight nuclear microsatellite loci.

Population BLS MTS BLK MTS GFR MTN GS MTS MT RGS RN MTN
BLS MTS 5.35 7.55 7.53 4.00 5.05
BLK MTS -0.001 5.88 8.2 2.67 5.71
GFR MTN -0.001 0.001 9.01 5.88 6.94

GS MTS -0.003 -0.003 -0.002 5.89 5.47

MT RGS 0.026* 0.019* 0.010 0.017* 2.41

RN MTN -0.003 -0.006 0.003 0.006 0.022*

Note: Above the diagonal: pairwise interpopulation gene flow (Nm) from Genepop (Raymond and Rousset 1995)
using the private allele method (Barton and Slatkin 1986); below the diagonal: pairwise Fy, estimates from FSTAT
(Goudet 1995). *Significantly different from O jackknifing over loci. See Table 1 for abbreviations.

zygosity was correlated with any geographic characteristic.
No correlation existed between the mean germination rate
for populations and any genetic statistic or geographic char-
acteristic.

A Mantel test demonstrated that pairwise Fgr values were
significantly correlated with pairwise interpopulation geo-
graphic distances (r = 0.579, p = 0.024) and latitude differ-
ences (r = 0.649, p = 0.045). Chord distance D¢ and
pairwise Nm were not correlated with any geographic char-
acteristic. Pairwise geographic distance and latitude differen-
ces were correlated (r = 0.651, p = 0.025), confounding
causal explanations for genetic patterns. No correlation ex-
isted between population area or sample size and any pair-
wise genetic or geographic difference.

Discussion

The Fraser fir microsatellite results suggest that the spe-
cies exists as a genetically well-mixed set of populations,
cven by the standards of other conifers. The low level of ge-
netic differentiation among Fraser fir populations (Fgp =
0.004) is slightly smaller than a five-allozyme study by
Ross (1988), which found a mean Fgr of 0.013 for adult
trees and 0.016 for progeny. Populations of outcrossing
gymnosperm and long-lived perennial plant species, such as
Fraser fir, are often poorly differentiated (Hamrick and Godt
1996). At the same time, recent nuclear microsatellite stud-
ies in other conifers have generally yielded considerably
higher levels of population differentiation than in Fraser fir,
including Picea asperata Mast. (Fst = 0.223) (Wang et al.
2005), Pinus radiata D. Don (Fgr = 0.14) (Karhu et al.
2006), Pinus taeda L. (Fst = 0.223) (Al-Rabab’ah and Wil-

liams 2002), and Pinus resinosa Ait. (Fsp = 0.223) (Boys et
al. 2005). The endangered fir species Abies ziyuanensis
L.K. Fu et S.L. Mo, which exists on a handful of mountains
in southern China, also has a considerably higher micro-
satellite Fgr value of 0.25 (Tang et al. 2008).

The statistically significant heterozygote deficiencies and
significantly positive inbreeding coefficients detected in
Fraser fir and all its populations (Tables 2 and 3) suggest
that this species may be genetically impoverished relative to
many other conifers, especially those with larger and more
continyous distributions. Its inbreeding coefficient Fig
(0.223), for example, is higher than the 0.154 inbreeding co-
efficient found in an allozyme study of the closely allied and
widely distributed Abies balsamea (L.) Mill. (Shea and Fur-
nier 2002). The Fraser fir microsatellite analysis also found
a relatively low mean observed heterozygosity (H, = 0.341)
compared with recent microsatellite studies in other conifers
(Al-Rabab’ah and Williams 2002; Wang et al. 2005),
although Fraser fir’s relatively low mean H, was higher
than that observed in Pinus resinosa (0.185) (Boys et al.
2005). It is important to note, however, that the Fraser fir
heterozygosity and inbreeding results may be affected at
least in part by the age class of trees included in the analy-
sis. Several allozyme studies have detected increasing heter-
ozygosity with age (reviewed in Bush and Smouse (1992)),
apparently the result of selection over time against inbred
individuals. Ross (1988), in fact, found this to be the case
in her allozyme study of Fraser fir.

The consistently significant deficiency of heterozygotes
across loci and populations (Tables 2 and 3), potentially ex-
acerbated by the life stage of the trees included in the anal-
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Fig. 2. Neighbor-joining consensus dendrogram depicting chord genetic distances (D) (Cavalli-Sforza and Edwards 1967) among the six
populations of Fraser fir, with subalpine fir from British Columbia (BC), Canada, as an outgroup. The values represent percent bootstrap
support for the nodes over 1000 replicates. Nodes with greater than 50% bootstrap support are considered well supported. See Fig. 1 for

abbreviations.
Sub

ipine Fir, BC

100.0

704

100

ysis, appears to argue in favor of a population-level explan-
ation that the species and its populations are out of Hardy-
Weinberg equilibrium, rather than an overriding effect of
null alleles (Amos 2006). Of particular interest are the loci
with low estimated frequencies of null alleles (AfSI02,
AfSI03, AfS106, AfS109, and AfSI20) that also were highly
significant in an exact test for heterozygote deficiency
(Table 2). In addition to inbreeding, a Wahlund effect
caused by spatial substructuring of within-population demes
would also explain the excess homozygosity in Fraser fir.
An isozyme study of the Mount Rogers population of Fraser
fir, however, detected none of the microgeographic substruc-
turing that would likely result in a Wahlund effect (Diebel
and Feret 1991).

Factors influencing Fraser fir genetic architecture

Fraser fir population area was not correlated with any
measure of genetic diversity, suggesting that the post-Pleis-
tocene fragmentation of the species did not result in smaller
populations suffering differentially from the detrimental
genetic effects often associated with small population size,
including genetic drift. In fact, the smallest Fraser fir popu-
lation, Grandfather Mountain, exhibited among the highest
values of some measures of genetic variation, including
alleles per locus and number of private alleles (Table 3).

Mount Rogers (MT RGS), VA

Roan Mountalin (RN MTN), NC/TN

Balsam Mountains (BLS MTS), NC

Grandfather Mountain (GFR MTN), NC

Great Smoky Mountains (GS MTS), NC/TN

Black Mountains (BLK MTS), NC

Population latitude and isolation appear to be more impor-
tant factors than population area in explaining the genetic
structure of Fraser fir populations. For example, the Mantel
test results indicated that population pairwise latitudinal
differences and distance were important geographic charac-
teristics in explaining genetic differentiation among popula-
tions, while area was not correlated with any genetic
characteristic of populations. Additionally, the dendrogram
of D¢ genetic distances suggests that southern populations
are generally more similar to each other than they are to
northern populations (Fig. 2). This is consistent with an iso-
zyme study that included three Fraser fir provenances with
nine balsam fir provenances, which found two southern
provenances, Clingman’s Dome in the Great Smoky Moun-
tains and Mount Mitchell in the Black Mountains, clustering
separately from the northern Mount Rogers population (Ja-
cobs et al. 1984).

Interpopulation gene exchange and post-Pleistocene his-
tory are possible explanations for this pattern of genetic
architecture. The first of these, interpopulation gene flow,
may reduce differentiation among populations by countering
the local disruptive effects of inbreeding and genetic drift
(Hamrick and Nason 2000). While Fraser fir seed and pollen
are both dispersed by wind, the long-distance exchange of
fir genes among populations is more likely to occur by pol-
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len movement (Ziegenhagen et al. 2004), especially given
that Fraser fir populations are 10~175 km apart.

In the current study of Fraser fir, the estimate of species-
wide immigrants per generation (Nm = 9.77) points to the
possible existence of considerable among-population genetic
exchange. A Mantel test did not find any significant correla-
tion between matrices of pairwise Nm values and pairwise
population geographic distance or latitude differences. Such
a correlation might be expected with long-distance pollen
exchange between populations, since pollen-mediated gene
exchange in forest trees exhibits a high probability of disper-
sal at local scales that decreases rapidly with distance from
the pollen source (Ellstrand 1992). At the same time, pair-
wise Fgr among populations was correlated with both pair-
wise geographic distance and latitudinal differences, a
pattern that could be explained by interpopulation gene
exchange. Additionally, the most central population (the
Black Mountains) had the fewest private alleles and was
among the least inbred (Table 3), suggesting the possibility
of long-distance gene exchange with populations to the
north and south.

Genetic variation in plant populations is structured not
only by contemporary genetic exchange but by historical re-
lationships as well. The relationship between latitude and
population genetic characteristics in Fraser fir may reflect
how the species responded to the most recent warming
period in the 41000-year cycles of ice sheet advancement
and retreat that have occurred since the beginning of the
Quaternary, 2.4 million years ago (Hewitt 2000). By approx-
imately 7000 years ago, fir had retreated from its Pleisto-
cene refuge in the southeastern United States, its main
distribution having separated from Fraser fir in the Southern
Appalachians and shifted north into Canada, New England,
and the Northern Appalachians, where it is now classified
as Abies balsamea (Delcourt and Delcourt 1987). While
Fraser fir remains closely related to this northern species, a
chloroplast microsatellite analysis determined that Fraser fir
was differentiated enough to warrant being considered
genetically distinct (Clark et al. 2000).

During such shifts in the distribution of a species, the re-
treating rear edge of the range is expected to suffer shrink-
age, dissection, and extinction, with the last surviving
populations being severely bottlenecked (Hewitt 2000). This
may have been countered to some degree in Fraser fir by the
facts that populations are progressively isolated from south
to north (r = 0.832, p = 0.04), that the highest elevation pop-
ulations occur at the southern end of the Fraser fir range,
and that some of the largest populations are clustered at the
southern end of the species’ range. Alternatively, the greater
number of private alleles found in southernmost Fraser fir
populations may suggest that these populations are nearer
the location of the species’ Pleistocene refuge, since areas
closer to a refuge are expected to have greater genetic varia-
tion than areas colonized later (Hewitt 1996). An allozyme
study of another conifer species in the Southern Appala-
chians, eastern hemlock (Tsuga canadensis (L.) Carr.),
found such a pattern, with populations further south exhibit-
ing greater allelic diversity and polymorphism (Potter et al.
2008).

It is also possible that the genetic structure of Fraser fir
populations was affected by a mid-Holocene period of
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higher-than-current warmth and aridity, which occurred
approximately 8700-5000 years ago (Delcourt and Delcourt
1998). This hypsithermal period may have eliminated Fraser
fir from lower-elevation summits (Whittaker 1956) and re-
duced the size of remaining populations, creating a bottle-
neck that resulted in the relatively high inbreeding and low
heterozygosity statistics detected in the current study.

Implications for conservation

Conservation of Fraser fir’s genetic composition may be
necessary given the threats to its persistence from the infes-
tation of an exotic pest and from global climate change. It is
listed in North Carolina as a significantly rare species, as a
species of concern federally, and as a species imperiled and
vulnerable to extinction globally (Franklin and Finnegan
2004). The balsam woolly adelgid (Adelges piceae), an
aphid-like insect from Europe, has inflicted severe mortality
on old-growth Fraser fir forest during the last 50 years (Dull
et al. 1988), killing mature trees within 2-9 years of infesta-
tion (Hollingsworth and Hain 1991). Stands have been able
to regenerate with vigorous and numerous offspring (De-
Selm and Boner 1984; Witter and Ragenovich 1986) that
have recently begun to reenter the overstory (Smith and
Nicholas 2000). Additionally, Delcourt and Delcourt (1998)
predicted the elimination of Southern Appalachian Fraser
fir—red spruce forest with a global mean temperature in-
crease of 3 °C caused by greenhouse-effect warming.

The results of this microsatellite study indicate that, while
small compared with other conifer species, differences
among Fraser fir populations are important enough to war-
rant a wide sampling of populations to adequately conserve
the genetic base of the species. These findings are consistent
with significant between-population differences in adaptive
traits among populations found during common garden ex-
periments (Amold et al. 1994; Emerson et al. 2006, 2008)
and significant between-population differences in allozyme
frequencies (Ross 1988). The current analysis shows that
the small Grandfather Mountain population, for example,
contains a high proportion of allelic richness and private al-
leles, while the isolated Mount Rogers population was
significantly differentiated from the other populations. In
both cases, the results may indicate the presence within
these populations of greater variation in functional genes,
which could translate into more potentially novel combina-
tions of alleles and, therefore, into traits with adaptive sig-
nificance. Mount Rogers may be of particular interest for
gene conservation and tree breeding efforts, if the relatively
low adelgid mortality there is the result of pest resistance
traits not present in the other populations (Rheinhardt
1984). Guided in part on the results of this microsatellite
marker study, a range-wide collection of seed from each
Fraser fir population was conducted in 2007, supplementing
the previous 1994 collection.
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