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Abstract Eastern hemlock (Tsuga canadensis [L.] Carr.)
is an ecologically important tree species experiencing severe
mortality across much of its eastern North American dis-
tribution, caused by infestation of the exotic hemlock woolly
adelgid (Adelges tsugae Annand). To guide gene conser-
vation strategies for this imperiled conifer, we conducted a
range-wide genetic variation study for eastern hemlock,
amplifying 13 highly polymorphic nuclear microsatellite
loci in 1,180 trees across 60 populations. The results
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demonstrate that eastern hemlock exhibits moderate
inbreeding, possibly a signature of a prehistoric decline
associated with a widespread insect outbreak. Contrary to
expectations, populations in formerly glaciated regions are
not less genetically diverse than in the putative southern
refugial region. As expected, peripheral disjunct populations
are less genetically diverse than main-range populations, but
some are highly genetically differentiated or contain unique
alleles. Spatially explicit Bayesian clustering analyses sug-
gest that three or four Pleistocene glacial refuges may have
existed in the Southeastern United States, with a main post-
glacial movement into the Northeast and the Great Lakes
region. Efforts to conserve eastern hemlock genetic material
should emphasize the capture of broad adaptability that
occurs across the geographic range of the species, as well as
genetic variability within regions with the highest allelic
richness and heterozygosity, such as the Southern Appala-
chians and New England, and within disjunct populations
that are genetically distinct. Much genetic variation exists in
areas both infested and uninfested by the adelgid.

Keywords Phylogeography - Pleistocene - Migration -
Population genetics - Microsatellite - Bottleneck

Introduction

Eastern hemlock (Tsuga canadensis [L.] Carr.) is a slow-
growing, long-lived conifer widely considered to be a
foundation species in the forest ecosystems where it occurs
(Ellison et al. 2005). It is distributed across a large geo-
graphic range extending from Nova Scotia west into Wis-
consin and Minnesota and south along the Appalachian
Mountains into northern Georgia and Alabama, with sev-
eral peripheral disjunct populations occurring to the east
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and west of the main distribution (Farjon 1990). It is a
wind-pollinated species that reaches reproductive maturity
after two or three decades, and which typically disperses its
seeds short distances (Godman and Lancaster 1990; Bonner
and Karrfalt 2008). Eastern hemlock appears to be self-
compatible (Bentz et al. 2002), although apparently not
able to reproduce through apomixis (Nienstaedt and Krie-
bel 1955). It occupies multiple forest types, grows at ele-
vations from near sea level to 1,500 m, and prefers sandy
loam, loamy sand, and silt loam soils that are characteris-
tically moist, well-drained, and acidic (Godman and Lan-
caster 1990). In forests where eastern hemlock is the
dominant tree species, it plays a key role in stabilizing soil
and maintaining water quality, and its canopies create an
understory microclimate that is cool, damp, and shady and
to which unique floral and faunal assemblages are adapted
(Ellison et al. 2005).

Throughout much of its native range, populations of
eastern hemlock are threatened by an invasive insect pest,
hemlock woolly adelgid (HWA, Adelges tsugae Annand).
Introduced from Japan to the eastern United States in 1951,
HWA has caused widespread hemlock mortality in the
Southeast, mid-Atlantic, and southern New England
regions during the last two decades and may functionally
eliminate eastern hemlock from the forests of eastern North
America (McClure et al. 2003). Evidence suggests that
hemlock extirpation from eastern forests would lead to
long-term ecological consequences for forest structure and
composition (Orwig and Foster 1998; Heard and Valente
2009; Spaulding and Rieske 2010), hydrological processes
(Ford and Vose 2007), decomposition rates (Cobb et al.
2006; Cobb 2010), and carbon and nitrogen cycling (Jen-
kins et al. 1999; Nuckolls et al. 2009; Albani et al. 2010;
Templer and McCann 2010). Shifts in the community
structure and diversity of birds (Tingley et al. 2002; Allen
et al. 2009), fish (Ross et al. 2003; Siderhurst et al. 2010),
amphibians (Brooks 2001), and terrestrial and aquatic
arthropods (Snyder et al. 2002; Jetton et al. 2009; Rohr
et al. 2009) are also likely. The adelgid also threatens
Carolina hemlock (7. caroliniana Engelm.), a rare South-
ern Appalachian endemic restricted to a relatively small
geographic range in the Carolinas, Georgia, Tennessee, and
Virginia (Humphrey 1989).

The integrated strategy to mitigate the impacts of HWA
on eastern North American hemlock ecosystems includes
biological control (the release of predators from the adel-
gid’s native range), chemical insecticides, silvicultural
practices, host resistance breeding, and gene conservation
(Cheah et al. 2004; Ward et al. 2004; Jetton et al. 2008b;
Montgomery et al. 2009). Of these, biological and chemical
controls have received the most interest, and biological
control is currently considered the most promising long-
term solution to adelgid management (Cheah et al. 2004).
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The conservation of hemlock genetic resources has also
received considerable attention through a collaborative ex
situ gene conservation effort between Camcore (an inter-
national tree breeding and conservation program in the
Department of Forestry and Environmental Resources at
North Carolina State University) and the United States
Department of Agriculture Forest Service. This project
involves the collection of germplasm (seeds) from popu-
lations of Carolina hemlock in the Southern Appalachian
Mountains and from populations of eastern hemlock in the
Southeastern, Northeastern, and Midwestern regions of the
United States for long-term preservation in seed banks and
the establishment of conservation seed orchards in areas
that can be protected from the adelgid (Jetton et al. 2008a,
b). The goal is to maintain, in perpetuity, hemlock genetic
material with broad adaptability and high levels of genetic
diversity that will be available for the eventual restoration
of degraded or extirpated populations. Genetic diversity
also provides a basis for adaptation and resilience to other
sources of environmental stress and change, which is par-
ticularly important given the growing number, variety and
frequency of stress exposures to tree species (Schaberg
et al. 2008).

To be accomplished effectively, the conservation of
eastern hemlock genetic diversity requires an understand-
ing of range-wide population genetic structure, including
the distribution of genetic variation within and among
populations, the occurrence of rare alleles, and levels of
inbreeding (Eriksson et al. 1993). Eastern hemlock has
demonstrated morphological variation over both large and
small scales, including clinal variation in seedling growth
responses to photoperiod and chilling (Olson and Niens-
taedt 1957; Nienstaedt and Olson 1961), the existence of
two physiological races in Wisconsin (Eickmeier et al.
1975), and the widespread co-occurrence of two types
distinct in terms of growth rate, morphology and response
to macroclimatic variation (Kessell 1979). A series of
regional studies have assessed population-level genetic
variation in eastern hemlock using biochemical and DNA
markers. An analysis of highly conserved chloroplast DNA
polymorphisms primarily among disjunct populations
identified little differentiation (Wang et al. 1997), while
Zabinski (1992) detected little allozyme variation within
eastern hemlock in a study that was focused in the Mid-
western portion of the eastern hemlock range. In a study
that sampled 20 populations from the Southeastern portion
of the range, Potter et al. (2008) also found low allozyme
diversity in hemlock but reasonably high population dif-
ferentiation. A range-wide analysis using seven haploid
chloroplast DNA loci (Lemieux et al. 2011) also detected
low among-population differentiation and, consistent with
Potter et al. (2008), greater differentiation and relatively
high allelic richness among southeastern Appalachian
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populations. These results led both sets of authors to con-
clude that the majority of eastern hemlock genetic diversity
may have originated from a Pleistocene glacial refuge in
this region. Further screening from nuclear or mitochon-
drial DNA markers is necessary, however, to strengthen
inferences regarding the distribution of the species during
the last glacial maximum (Lemieux et al. 2011). A more
robust analysis of genetic variation across the range of the
species also is needed to improve the efficiency of existing
ex situ and in situ conservation efforts given eastern
hemlock’s large natural distribution, the existence of dis-
junct populations that may possess unique adaptive char-
acteristics, and the fact that HWA has already infested and
significantly impacted approximately 50% of hemlock
ecosystems in the eastern United States (United States
Department of Agriculture Forest Service 2011).

We used 13 highly polymorphic microsatellite molecu-
lar markers to assess genetic structure and variation across
the geographic range of eastern hemlock. We amplified
microsatellite marker loci isolated from eastern and Caro-
lina hemlock (Josserand et al. 2008; Shamblin et al. 2008)
from 1,180 trees in 60 populations to conduct a range-wide
assessment of eastern hemlock genetic diversity and to (1)
identify areas of high and low genetic variation, (2) eval-
uate genetic variation in peripheral disjunct and main range
populations, (3) assess regional differences in genetic
variation to better understand the recent phylogeographical
history of the species, and (4) compare genetic variation in
populations currently threatened by HWA with those not
yet within the generally infested range.

Materials and methods
Sample collection and DNA extraction

This analysis encompassed foliage samples from a total of
1,180 trees representing 60 populations from across the
entire range of eastern hemlock (Table 1; Fig. 1). Addi-
tionally, 10 samples of Carolina hemlock from Craig
County, Virginia, were included as an outgroup population.
Of the eastern hemlock samples, 400 were collected during
February and March of 2006 from 20 populations in the
southern portion of the range. In 2009, samples were col-
lected from an additional 780 trees from 32 locations from
across the northern part of the range and from eight disjunct
populations in the South. Populations were defined as
northern or southern based on their location relative to the
maximum extent of the Wisconsinian glaciation ca.
18,000 years before present (Dyke et al. 2003) (Fig. 1). In
nearly all populations, samples were collected from 20 trees
spaced at least 100 m apart. This strategy, which is consis-
tent with established gene conservation strategies employed

in eastern hemlock seed collections, diversifies population-
level seed collections by avoiding the sampling of neighbors
that may be related as a result of short-distance seed or
pollen dispersal (Brown and Hardner 2000). Such short-
distance gene dispersal is probably common in eastern
hemlock because most seeds fall within tree height because
of their small wings (Godman and Lancaster 1990). Addi-
tionally, despite being dispersed by wind (Godman and
Lancaster 1990), eastern hemlock pollen is poorly dispersed
(Jackson 1991).

Populations were classified as isolated disjuncts if they
are located more than 10 km outside the edge of continuous
main range of the eastern hemlock distribution as defined by
Little (1971). These seven disjunct populations were an
average of approximately 147 km from the main eastern
hemlock range (farthest: Shades State Park, ca. 315 km;
nearest, James River, ca. 22 km). Several populations were
nearer to other disjuncts than to the main range, but most
were still highly isolated (Bankhead National Forest, ca.
110 km; Shades State Park, ca. 64 km; Hemlock Cliffs, ca.
56 km; Mammoth Cave National Park, ca. 71 km). The
mean distance to the nearest eastern hemlock population,
main range or disjunct, was ca. 68 km. Hemlock Bluffs was
the most isolated population overall (ca. 140 km). Popula-
tions were characterized as threatened by hemlock woolly
adelgid based on the presence of established HWA infes-
tations within their counties as of 2010 (United States
Department of Agriculture Forest Service 2011).

All 1,180 foliage samples were kept in cold storage until
sent to the National Forest Genetics Laboratory (NFGEL) in
Placerville, California, for DNA extraction and microsat-
ellite analysis. Needles from the 400 samples collected in
2006 were also used in an allozyme analysis of southern
hemlock populations (Potter et al. 2008). Genomic DNA for
all samples was extracted from the needle samples using the
DNEasy 96 Plant Kit (Qiagen, Chatsworth, California,
USA). DNA concentrations were determined using a
Gemini XPS Microplate Spectrofluorometer (Molecular
Devices, Sunnyvale, California, USA) with PicoGreen
dsReagent (Invitrogen, Carlsbad, California, USA).

Microsatellite analysis

To select a set of microsatellite markers for this study, we
evaluated a total of 42 microsatellite primer pairs at
NFGEL for usefulness in examining eastern hemlock
genetic structure and diversity. Of these, 29 primer pairs
had been isolated from eastern hemlock (Shamblin et al.
2008), six had been isolated from Carolina hemlock and
had previously demonstrated amplification and polymor-
phism in eastern hemlock (Josserand et al. 2008), and
seven had been isolated from western hemlock (7Tsuga
heterophylla (Raf.) Sargent) (Amarasinghe et al. 2002;
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Table 1 Location, coordinates, elevation, region, county hemlock woolly adelgid (HWA) presence, year of collection and source for the
populations included in the microsatellite analysis of eastern hemlock, with Carolina hemlock as an outgroup

ID  Population Location, state/province Lat. Lon. Elev. (m) Region HWA Year Source
1 Copper Falls State Park Ashland County, Wis. 46.37 —90.64 310 N N 2009 a
2 Council Grounds State Park Lincoln County, Wis. 45.18 —89.74 214 N N 2009 b
3 Point Beach State Forest Manitowoc County, Wis. 4423 —87.51 159 N N 2009 b
4 Bankhead National Forest* Lawrence County, Ala. 3431 —-87.50 270 S N 2009 b
5  Presque Isle Park Marquette, Mich. 46.58 —87.38 226 N N 2009 ¢
6  Shades State Park* Montgomery County, Ind. 39.94 —87.07 229 N N 2009 b
7  Hemlock Cliffs* Crawford County, Ind. 38.28 —86.54 192 S N 2009 b
8  Mammoth Cave National Park* Edmonson County, Ky. 3724 —86.18 218 S N 2009 d
9  Cross Village Emmet County, Mich. 45.63 —85.07 206 N N 2009 ¢
10 Scott State Forest Scott County, Tenn. 36.49 —84.70 438 S Y 2006 b
11  Douglas Lake Cheboygan County, Mich. 4556 —84.68 219 N N 2009 ¢
12 Lone Mountain State Park Morgan County, Tenn. 36.04 —84.57 319 S Y 2006 b
13 Wright Creek Graham County, N.C. 3532 —83.97 1,265 S Y 2006 b
14  Abrams Creek Blount County, Tenn. 35,61 —83.93 354 S Y 2006 b
15 Helton Creek Union County, Ga. 3475 —83.90 731 S Y 2006 b
16  Pine Mountain State Resort Park  Bell County Ky. 36.74 —83.74 457 S Y 2006 b
17  Natural Bridge State Resort Park  Powell County, Ky. 37.78 —83.68 336 S Y 2006 b
18 New Found Gap Sevier County, Tenn. 35.63 —83.44 1,142 S Y 2006 b
19  Cataloochee Creek Haywood County, N.C. 35.62 —83.09 880 S Y 2006 b
20 Cradle of Forestry Transylvania County, N.C. 3535 —-82.78 1,009 S Y 2006 b
21 Caesars Head State Park Greenville County, S.C. 35.11 —82.64 970 S Y 2006 b
22 Hocking State Forest Hocking County, Ohio 39.55 —82.58 324 N N 2009 e
23 Mohican-Memorial State Forest Ashland County, Ohio 40.59 —82.31 424 N N 2009 e
24  Carolina Hemlocks Campground  Yancey County, N.C. 35.80 —82.20 838 S Y 2006 b
25 Iron Mountain Carter County, Tenn. 36.33 —82.11 774 S Y 2006 b
26 Beech Mountain Avery County, N.C. 36.22 —81.94 987 S Y 2006 b
27 Shady Valley Johnson County, Tenn. 36.50 —81.89 1,120 S Y 2006 b
28 Back Creek Burke County, N.C. 35.83 —81.85 412 S Y 2006 b
29  South Mountains State Park* Burke County, N.C. 35,60 —81.63 488 S Y 2006 b
30 Cripple Creek Wythe County, Va. 36.78 —81.13 717 S N 2006 b
31 New River Gorge National River  Fayette County, W.V. 38.05 —81.06 551 S Y 2009 f
32 Coopers Rock State Forest Preston County, W.V. 39.66 —79.73 423 S Y 2009 f
33 North Creek Botetourt County, Va. 37.54 —79.59 354 S Y 2006 b
34 Cook Forest State Park Forest County, Pa. 4133 —-79.19 357 S N 2009 ¢
35 Big Run State Park Garrett County, Ma. 39.54 —-79.14 458 S Y 2009 h
36 Hone Quarry Rockingham County, Va. 3846 —79.14 560 S Y 2006 b
37 James River* Buckingham County, Va. 37.62 —78.81 182 S Y 2009 b
38 Hemlock Bluffs Nature Preserve* Cary, N.C. 3573 —78.78 89 S Y 2009 i
39  Letchworth State Park Wyoming County, N.Y. 42.58 —78.04 388 N N 2009 b
40  Fredrick Watershed Frederick County, Md. 3977 —=77.47 281 S Y 2009 h
41 Quantico* Prince William County, Va. 38.52 —77.29 40 S Y 2009 b
42 Caywood Point Seneca County, N.Y. 42.56 —76.88 174 N Y 2009 b
43  Hickory Run State Park Luzerne County, Pa. 41.03 —75.69 461 N Y 2009 ¢
44 Delaware Water Gap Warren County, N.J. 4097 —-75.12 144 N Y 2009 j
45 Stokes State Forest Sussex, N.J. 41.23 —74.75 246 N Y 2009 j
46  Arbutus Lake Essex County, N.Y. 4397 —-74.23 497 N N 2009 b
47  Sanders Preserve Schenectady County, N.Y. 42.89 —74.02 257 N N 2009 b
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Table 1 continued

ID Population Location, state/province Lat. Lon. Elev. (m) Region HWA Year Source
48 Mount Riga State Park Litchfield County, Conn. 42.01 —-73.46 507 N Y 2009 k

49  Great Mountain Forest Litchfield County, Conn. 4198 —73.23 446 N Y 2009 k

50 Lowell Lake State Park Windham County, Vt. 4322 —72.77 429 N Y 2009 1

51 McCool/Mekkelsen Washington County, Vt. 4424 7251 940 N N 2009 1

52 Erving State Forest Franklin County, Mass. 42.60 —72.40 73 N Y 2009 m

53  Sturbridge Worcester County, Mass. 42.11  —=72.08 51 N Y 2009 m

54 Fox State Forest Hillsborough, N.H. 43.14 -71.91 248 N Y 2009 n

55 Franklin Falls Reservoir Merrimack County, N.H. 4350 -—-71.66 143 N N 2009 n

56 Providence Providence County, R.I. 41.63 —-71.44 196 N Y 2009 o

57 Massabesic Experimental Forest York County, Maine 43.57 —70.64 64 N Y 2009 p

58 Penobscot Experimental Forest Penobscot County, Maine 4485 —68.62 50 N N 2009 p

59 UNB Wood Lot Fredericton, N.B. 4593 —66.65 104 N N 2009 ¢

60 Victoria Park Truro, N.S. 4536 —63.27 30 N N 2009 q

—  Carolina hemlock (outgroup) Sinking Creek, Craig County, Va. 37.33 —80.33 967 - - 2009 b

n = 20 for all populations except 37, James River (n = 15) and 38, Hemlock Bluffs Nature Preserve (n = 5). For Region, N is “northern” and S
is “southern.” For Source, a, Wisconsin Department of Natural Resources; b, Camcore, North Carolina State University; ¢, Michigan Department
of Agriculture; d, Mammoth Cave National Park; e, Ohio Department of Natural Resources; f, U.S. Forest Service; g, Pennsylvania Department
of Conservation and Natural Resources; h, Maryland Department of Agriculture; i, Town of Cary, N.C.; j, New Jersey Department of Forestry; k,
Connecticut Agricultural Experiment Station; I, Vermont Department of Forestry; m, Massachusetts Department of Conservation and Recreation;
n, New Hampshire Department of Resources and Economic Development; o, Rhode Island Department of Environmental Management; p, Maine

Forest Service; q, Natural Resources Canada

* Disjunct population

Wellman et al. 2003). Initial screening and optimization
was undertaken on genomic DNA extracted from a subset
of eastern hemlock samples collected in 2006. Primer pairs
that generated polymorphic, easily identifiable and con-
sistently amplified fragments were then run across the 400
samples collected in 2006. The genotyped data from each
locus were tested for high null allele presence (Brookfield
1996) using Micro-Checker 2.2.3 (van Oosterhout et al.
2004), and those with low estimated proportions of null
alleles (<0.1) were subsequently run across the rest of the
1,180-sample pool.

We genotyped nine promising eastern hemlock primer
pairs across the Southern samples, and we selected eight
for inclusion in the full population genetic analyses
(Table 2). We selected none of the seven western hemlock
primer pairs for inclusion in analysis, although we ran and
genotyped one (EE10) for all the 2006 samples but sub-
sequently discarded it because of high null allele fre-
quency. We selected five Carolina hemlock primer pairs for
inclusion in the study (Table 2). For the Carolina hemlock-
derived loci, polymerase chain reaction (PCR) amplifica-
tion was performed in 15-pl reaction volumes containing
20 ng genomic DNA, 0.04 pM of the M13-tailed forward
primer, 0.16 uM of the dye-labeled M13 universal primer,
0.16 uM unlabeled and untagged reverse primer, 167 uM
each dNTP, 1x Taq buffer, 3.17 mM MgCl,, and 0.2 units
of HotStarTaq DNA polymerase (Qiagen, Valencia, CA)

for all markers with the exception of TcSI_083, for which
0.3 units were used. Additionally, 0.67 mg/ml of bovine
serum albumin (BSA) were added for Tc¢SI 029 and
TcSI_052. The PCRs were completed with the following
protocol on PTC-100 thermal cyclers (MJ Research,
Watertown, MA): 15 min at 95°C; 20 cycles of 30 s at
94°C (denaturation), 30 s at 65°C for the first cycle minus
0.5°C each subsequent cycle (annealing), and 1 min at
72°C (extension); and 25 cycles of 30 s at 92°C, 30 s at
55°C, and 1 min 30 s at 72°C; all followed by a final
15 min extension at 72°C and an indefinite hold at 4°C.
For eastern hemlock-derived loci, PCR amplification
was performed in 10-pl reaction volumes containing 20 ng
genomic DNA, 167 pM each dNTP, 1x Taq buffer, and
0.5 units of HotStarTaq DNA polymerase. In addition,
3.0 mM MgCl, was added for Tcn3HO04, Tcnl0AO7,
TcnlOBO1, and TcnlODO7. For two loci, Ten7HI2 and
Tcnl0DO7, reactions were run with 0.5 uM of a labeled
forward primer and 0.5 uM of an unlabeled reverse primer.
For the rest, reaction mixtures contained 0.05 pM of the
M13-tailed forward primer, 0.45 pM of the dye-labeled
M13 universal primer, 0.5 uM unlabeled and untagged
reverse primer. The PCR protocol for the eastern hemlock
loci was 15 min at 95°C; 21 cycles of 20 s at 95°C
(denaturation), 30 s at 65°C for the first cycle minus 0.5°C
each subsequent cycle (annealing), and 1 min at 72°C
(extension); and X cycles of 20 s at 95°C, 30 s at 54.5°C,
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Fig. 1 Sampled populations of eastern hemlocks (Tsuga canadensis).
See Table 1 for population information. Populations identified as
existing within counties where hemlock woolly adelgid was absent or

and 1 min at 70°C (where X was 15 for Tcn7HI2 and
Tcenl0BO1, 24 for Ten2C0S5 and Tenl0DO7, and 34 for the
rest of the eastern hemlock markers); all followed by a final
10 min extension at 72°C and an indefinite hold at 4°C.
The PCR products for all markers were separated on an
ABI Prism 3130x1 Genetic Analyzer (Applied Biosystems,
Foster City, CA), as recommended by the manufacturer.
Peaks were sized and binned, and then alleles were called
using GeneMarker 1.51 (SoftGenetics, State College, PA),
with GS(500-250)LIZ as an internal size standard for each
sample. Visual checks were performed on all peaks.

Bayesian assignment tests

Large-scale migration and admixture of distinct gene pools
within species may result from complex spatiotemporal
processes within species (Durand et al. 2009), such as the
responses to the Quaternary ice ages that are thought to
have played an especially important role in determining the
current genetic structure of species and populations (Hewitt
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present in 2010 (United States Department of Agriculture Forest
Service 2011). Maximum extent of the Wisconsinian glaciations, ca.
18,000 years before present, is from Dyke et al. (2003)

2000). Bayesian clustering models that explicitly include
geographical information in the inference of population
structure can prove helpful in the detection of admixture in
secondary contact zones (Durand et al. 2009), such as those
created by the migration and contact of gene pools from
separate Pleistocene glacial refuges. To infer the number
and composition of genetic clusters of eastern hemlock, we
used two model-based Bayesian clustering approaches that
analyzed the microsatellite genotypes for each individual
tree, TESS 2.3.1 (Chen et al. 2007) and STRUC-
TURE 2.3.3 (Pritchard et al. 2000).

In TESS, we first used a non-admixture analysis to
narrow the range of the maximum possible clusters, using a
burn-in period of 10,000 replicates and 50,000 total Mar-
kov Chain Monte Carlo iterations, as recommended by
Durand et al. (2009). We conducted 10 runs for each
number of possible maximum clusters (K) from 2 to 12,
then calculated and plotted the mean deviance information
criterion (DIC) values for each K. Using this statistical
model selection approach facilitated by TESS, which
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Table 2 Description of the eight Tsuga canadensis (from Shamblin
et al. 2008) and five T. caroliniana (from Josserand et al. 2008)
nuclear microsatellite loci used in the study, with measures of genetic

variation, inbreeding, deviation from Hardy—Weinberg equilibrium,
estimated null allele frequency, and GenBank accession number for
each

Locus Source Size range A Hp Hg Agp D, Fsr Fis HWE  Null GenBank

Tc2C05 T. canadensis 221-239 9 0.532 0586 242 0.095 0.074 0.019 * 0.041 EF660516
Tc2Gl11T¥  T. canadensis 283-332 14 0.558 0.617 261 0.090 0.061 0.036  * 0.044  EF676027
Tc3E02 T. canadensis 383-415 17 0.536 0.616 260 0.104 0.070 0.061 * 0.040 EF660518
Tc3HO4 T. canadensis 314-334 11 0.634 0.765 425 0.250 0.081 0.098 * 0.080  EF660519
Tc7HI2 T. canadensis 223-237 6 0403 0400 1.67 0.052 0.081 —0.089 NS —0.006 EU125393
Tcl0A07  T. canadensis ~ 430459 6 0.445 0540 2.17 0.107 0.064 0.12 * 0.073  EU12539%4
Tcl10BO1 T. canadensis 202-230 14 0.73 0.798 495 0245 0.075 0.01 * 0.044  EF660522
Tc10D07  T. canadensis 163-201 18 0.795 0.876 8.07 0.259 0.043 0.052 * 0.050 EUI125395
TcSI_012  T. caroliniana  274-302 15 0.738 0.847 6.52 0.246 0.052 0.081 * 0.058 BV726476
TcSI_029  T. caroliniana  141-158 7 0.095 0.140 1.16 0.062 0.268 0.072 NS 0.021 BV726488
TcSI_052  T. caroliniana  227-258 7 0.361 0421 173 0.031 0.043 0.104 * 0.045 BV726500
TcSI_080  T. caroliniana  243-263 11 0.448 0.608 255 0.077 0.045 0.229 * 0.098 BV726524
TcSI_083  T. caroliniana  263-296 11 0.604 0.706 3.40 0.125 0.050 0.099 * 0.056 BV726527
Total 146 *

Mean 11.23 0529 0.609 3.39 0.134 0.077 0.069 0.049

With exception of size range, results exclude outgroup species. A alleles per locus, D, estimate of Jost’s D, Fgr among-population variation, Fg
inbreeding coefficient, Hy, observed heterozygosity, Hr expected heterozygosity, Ag effective alleles, HWE Hardy—Weinberg exact test of
heterozygote deficiency, with * g < 0.05 using false discovery rate adjustment; Null: estimated proportion of null alleles (Brookfield 1996)

T Listed as Tc12G11 in Shamblin et al. 2008

computes DIC as the average deviance over a run plus a
penalty for the number of model parameters (Durand et al.
2009), we selected 8 as the upper bound of K for the
subsequent admixture analysis, based on where the DIC
values reached a plateau. Admixture models are more
flexible and more robust than models without admixture
(Francois and Durand 2010); the hierarchical Bayesian
algorithm implemented in TESS includes the ability to
include spatial prior distributions on individual admixture
proportions. We used the conditional autoregressive (CAR)
Gaussian model with a quadratic trend degree of two
(Besag 1975; Durand et al. 2009) to estimate admixture
proportions from K = 2 to K = 8, with 10 runs for each K,
with 20,000 burn-in replicates and 70,000 total sweeps.
The plotted mean DIC values for each K showed a plateau
beginning at K = 4. We therefore implemented 100 more
admixture runs in TESS with K = 4, again with 70,000
total MCMC iterations (20,000 burn-in), and selecting the
top 10% based on the highest likelihood DIC values.

In STRUCTURE, we conducted an admixture analysis,
assuming uncorrelated allele frequencies, with 20,000
burn-in replicates and 70,000 total sweeps. We used sam-
ple locations as prior information to assist the clustering,
which allows genetic structure to be detected at lower
levels of divergence or with less data than the original
STRUCTURE models, and is therefore not biased towards
detecting structure that is not present (Hubisz et al. 2009).
We ran the model 20 times for each K from 1 to 12. While

the log-likelihood values of K peaked at 4, the AK statistic
of Evanno et al. (2005) peaked at K = 3, suggesting this is
the most likely number of genetic clusters.

We exported the results from the final TESS and
STRUCTURE cluster analyses to CLUMPP version 1.1.2
(Jakobsson and Rosenberg 2007) to generate an averaged Q
matrix of individual posterior cluster probabilities, using
the greedy algorithm and the G’ pairwise matrix similarity
statistic. We then calculated the proportion of overall
genetic cluster presence probability for each of the 60
eastern hemlock populations, based on the probability of
cluster membership for the individuals in the population.
We displayed these population-level probability propor-
tions in map form using ArcMap 9.2 (ESRI 2006).

TESS has performed well compared to other programs
in correctly estimating numbers of populations (Chen et al.
2007; Francois and Durand 2010) and has proved suc-
cessful in detecting admixture in secondary contact zones,
both providing a correct description of smooth clinal var-
iation and detecting zones of sharp variation present in the
data (Durand et al. 2009). Additionally, the spatially
explicit nature of the TESS algorithm may be more likely
to correctly reflect weak but significant patterns of isolation
by distance detected in our data (see “Results”). We
therefore conducted further analyses based on the results of
the TESS-inferred clusters, assigning each tree to the
TESS-inferred genetic cluster to which it had the highest
probability of belonging.
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Genetic variation and differentiation analyses

Allele calls from the 13 microsatellite loci were used to
conduct analyses of genetic variation across loci and at the
population level, and to conduct analyses of genetic dif-
ferentiation for the Bayesian-inferred clusters. We used
GENEPOP 4.0.10 (Raymond and Rousset 1995) to conduct
Fisher’s exact tests for Hardy—Weinberg equilibrium for
each locus and population, with 100 batches and 1,000
iterations, then used the MULTTEST procedure in SAS 9.2
(SAS Institute Inc. 2008) to calculate g values (p values
adjusted for the false discovery rate associated with mul-
tiple comparisons). We used FSTAT, version 2.9.3.2
(Goudet 1995) to test for linkage disequilibrium between
pairs of loci, based on 1,560 permutations and adjusted for
multiple comparisons. We estimated null allele frequencies
across the entire sample pool using Micro-Checker 2.2.3
(van Oosterhout et al. 2004).

We used GENEPOP to estimate inter-population gene
flow (Nm) among TESS-inferred genetic clusters under the
private allele method (Barton and Slatkin 1986), corrected
for sample size. We used FSTAT version 2.9.3.2 (Goudet
1995) to calculate allelic richness (A) and Weir and Cock-
ertham’s (1984) within-population inbreeding coefficient
population inbreeding coefficient (F;g) values across loci.
We separately used FSTAT allele frequency outputs to
determine the number of unique (private) alleles per pop-
ulation (Ay). We also used FSTAT to estimate among-
population Fg7 values across eastern hemlock, and pairwise
Fgr values between populations and between the genetic
clusters inferred in TESS. Using the program SMOGD
(Crawford 2010), we calculated per-locus estimates of
Jost’s D (Jost 2008), D.;, as a measure of genetic differ-
entiation across all populations of eastern hemlock, and as a
measure of differentiation between pairs of clusters. Jost’s
D is considered a more mathematically consistent descrip-
tion of population structure than the widely calculated Fgr
and its relatives (Jost 2008); we include both D, and Fgr
for comparison. We then calculated the arithmetic means of
D, across the loci for eastern hemlock, and calculated the
95% confidence interval for this mean using the confidence
intervals of each locus. We calculated expected heterozy-
gosity (Hg) with Arlequin 3.0 (Excoffier et al. 2005) for
each locus and population, and then used the values of Hg to
calculate the effective number of alleles Ag as 1/(1 — Hg)
(Jost 2008). We also used outputs from Arlequin to calcu-
late mean observed heterozygosity (H) across all loci and
percent polymorphic loci (Pp) for each population.

To assess whether eastern hemlock or any of the sam-
pled populations or inferred genetic clusters had experi-
enced population bottlenecks in the recent past, we used
the software package Bottleneck 1.2.02 (Piry et al. 1999) to
compute the difference, averaged over loci, between actual
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heterozygosity and the heterozygosity that would be
expected if the population were in mutation-drift equilib-
rium. An excess of heterozygosity is expected to be con-
sistent with a recent population bottleneck, while a
deficiency of heterozygotes suggests recent population
expansion without immigration (Cornuet and Luikart 1996;
Karhu et al. 2006). We used a two-phase model (TPM) of
microsatellite mutation, which is an intermediate between
the single mutation model (Kimura and Ohta 1978) and the
infinite alleles model (Kimura and Crow 1964). In keeping
with the presumed model for microsatellites (Piry et al.
1999), the parameter settings consisted of 95% one-step
mutations (95%) and 5% multiple-step changes, with 12%
variance in multistep mutations. Significance of heterozy-
gosity excess or deficiency was evaluated with a one-sided
Wilcoxon sign-rank test using 5,000 simulation iterations.
Since no populations exhibited heterozygosity excess, we
reported p values from tests of heterozygosity deficiency
(Hgep). Additionally, we tested whether populations exhibit
an L-shaped distribution of alleles (many low-frequency
alleles and a few high-frequency alleles); a mode shift from
this distribution is expected when a population has expe-
rienced a bottleneck (Luikart et al. 1998).

To visualize potential evolutionary relationships among
the TESS-inferred genetic clusters, we constructed a
neighbor-joining (NJ) (Saitou and Nei 1987) phylogram
using the SEQBOOT, GENDIST, NEIGHBOR, and
CONSENSE components of PHYLIP 3.6 (Felsenstein
2005). The NJ algorithm is a robust method for constructing
trees from genetic distances (Mihaescu et al. 2009). The
phylogram was computed from cluster allelic frequencies
using chord genetic distance (D) (Cavalli-Sforza and
Edwards 1967), which does not require assumptions about
the model under which microsatellites mutate and is con-
sidered superior to most others in phylogenetic tree topol-
ogy construction over short spans of evolutionary time
(Takezaki and Nei 1996; Libiger et al. 2009). Confidence
estimates associated with the topology of the NJ phylogram
were determined with 1,000 bootstrap replicates. Carolina
hemlock was included as an outgroup. We also used the
GENDIST component of PHYLIP 3.6 (Felsenstein 2005) to
determine pairwise D distances among all 60 eastern
hemlock populations, which we then used to calculate mean
D¢ between each population and every other population as a
measure of overall genetic distance.

We tested for isolation by distance (IBD) by conducting
a Mantel test for correlations between matrices of pairwise
interpopulation geographic distances and pairwise inter-
population D¢ genetic distances, using 9,999 permutations
in GenAIEx 6.4 (Peakall and Smouse 2006). We conducted
these Mantel tests separately for three groups of popula-
tions: for all populations, for northern populations, and for
southern populations.
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Comparisons of groups by geography, infestation
and isolation

Using the UNIVARIATE procedure in SAS 9.2 (SAS
Institute Inc. 2008), we calculated within-group population
means for several genetic variation metrics (A, Ay, Pp, Ho,
Hpg, Ag, Fis, mean pairwise D¢ with all other populations,
and H,. p value), for populations north and south of the
maximum glacial extent, for populations in or not in
counties currently infested with hemlock woolly adelgid,
and for populations within and disjunct from the main
range of the eastern hemlock distribution. To test the null
hypothesis that there was no significant difference between
the means of each pair of groups (north vs. south, inside vs.
outside infested counties, interior vs. disjunct), we con-
ducted an exact two-sample Wilcoxon rank-sum test using
the NPARIWAY procedure in SAS, with 10,000 Monte
Carlo runs generating p values, then employed the
MULTTEST procedure to calculate g values. Finally, we
used the CORR procedure in SAS 9.2 to test for Pearson
correlations between the genetic variation metrics and
population latitude, longitude, and elevation.

Results
Bayesian cluster assignment

The spatially explicit Bayesian clustering analysis of
individual trees using TESS 2.3.1 inferred the existence of
four genetic clusters in eastern hemlock (Fig. 3a). This
approach found only one of these clusters to be common in
the northern populations, while all four were inferred in the
southern part of the range. The North cluster was common
in populations along the crest of the Southern Appala-
chians, but was relatively uncommon in, or absent from,
populations to the west of this mountain chain. The second
most prevalent genetic cluster, in the South Central portion
of the species distribution, was relatively common in the
Southern Appalachians, decreasing in importance among
populations in the Central Appalachian highlands and Mid-
Atlantic states. It was most common in populations to the
west of the Southern Appalachians, accounting for the
majority of the genetic makeup of populations in the
Cumberland Plateau region of Tennessee, and in Kentucky
and Indiana. It was also important in the two Ohio popu-
lations. A Southwest genetic cluster, meanwhile, predom-
inated only in the isolated disjunct Bankhead National
Forest population in Alabama. A Southeast genetic cluster
made up the majority of the genetic composition of the
Hemlock Bluffs isolated population in North Carolina, was
common in Southern Appalachian populations, and was
present in small proportions in the Central Appalachians.

STRUCTURE 2.3.3, meanwhile, inferred the existence
of three genetic clusters. As with the TESS analysis, a
single cluster was inferred as predominating in the northern
parts of the hemlock range, while all clusters were present
in the southern portion (Fig. 3b). A Southwest cluster was,
again, associated almost entirely with the Bankhead
National Forest population in Alabama, while a South
Central cluster was again highly important in the other
populations west of the Southern Appalachians. It was also
relatively common in the Southern Appalachians and in the
isolated Hemlock Bluffs population of North Carolina,
appearing to take the place of the Southeast genetic cluster
inferred by TESS.

For further analysis of broad-scale evolutionary patterns,
each tree was assigned to the TESS-inferred genetic cluster
to which it had the highest probability of belonging
(n =906 for the North cluster; n = 20 for Southwest;
n = 186 for South Central; n = 68 for Southeast). A
consensus neighbor-joining phylogram of D, genetic dis-
tance among these genetic clusters showed high bootstrap
support (94.5%) for the grouping of the North, Southeast
and South Central genetic clusters (Fig. 4). The Southwest
genetic cluster was external to this clade. Within the clade,
the North and Southeast clade grouped with moderate
support (45% of bootstrap replicates).

Pairwise comparisons of migration between genetic
clusters (Nm) suggested a high level of historical gene flow
between the North and South Central clusters: 12.81
migrants per generation, corrected for sample size
(Table 4). Inferred gene exchange between any other pair
of clusters, however, was generally low, with the lowest
values associated with the isolated Southwest cluster.
Pairwise estimates of between-cluster differentiation again
indicated a close genetic relationship among the North,
South Central and Southeast genetic clusters (Table 4). The
Southwest cluster, meanwhile, was highly differentiated
from all other clusters.

Population-level genetic variation and differentiation

The 13 microsatellite loci included in this study averaged
11.23 alleles per locus across the 1,180 in-group samples
(Table 2), ranging from a minimum of six alleles (7c7H12
and Tcl0A07) to a maximum of 18 (TcI0DO07) at a single
locus. Expected heterozygosity was moderate (mean of
0.609 across loci), but exact tests for Hardy—Weinberg
equilibrium indicated a significant deficit of heterozygotes
for all but two of the loci (Tc7HI2 and TcSI_029).
Observed heterozygosity (mean 0.529) was markedly
lower than expected heterozygosity across most loci (mean
0.609). The significantly positive inbreeding coefficient
(F;g) of 0.071 (95% confidence interval: 0.037-0.108) was
indicative of a deficit of heterozygotes and the likely
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presence of inbreeding. No linkage disequilibrium was
apparent between any pairs of loci after adjusting the
p value for multiple comparisons. The estimated proportion
of null alleles was low (<0.1) for all 13 loci, with eight
<0.05 (Table 2).

Estimates of among-population differentiation using
Jost’s D (Jost 2008), D,,,, and the traditional Fs7 (Weir and
Cockerham 1984) were divergent (Table 2). The Fgr
analysis estimated a moderate amount of genetic differ-
entiation among rather than within populations (6.5%,
mean Fg; across loci = 0.077, 95% confidence interval:
0.055-0.078). D, was higher, with a mean across loci of
0.134 (95% confidence interval: 0.122-0.146). Estimated
inter-population gene flow using the private allele method
(Nm) was estimated at 6.34 migrants per generation.

The 60 eastern hemlock populations averaged 4.9 alleles
per locus (A) and 2.33 effective alleles per locus (Ag)
(Table 3). In general, populations with the greatest allelic
richness (A) were located in the Southern Appalachians and
in New England and New York (Fig. 2a). The Carolina
Hemlock Campground population in North Carolina had the
most alleles per locus (6.00), followed by Caesars Head
State Park in South Carolina and Mount Riga State Park in
Connecticut (5.69 each) and Cradle of Forestry in North
Carolina and Caywood Point in New York (5.62 each). Two
isolated disjuncts had the lowest allelic richness: Hemlock
Bluffs Nature Preserve population in North Carolina (2.00)
and Hemlock Cliffs in Indiana (2.62) (Table 3). Isolated
populations across the range of the species had markedly
lower allelic richness (Fig. 2a). For most populations, 100%
of the loci were polymorphic (mean 97.18), with only three
populations possessing fewer than 12 out of 13 polymorphic
loci: Hemlock Bluffs (9 loci), Hemlock Cliffs (11 loci) and
James River (11 loci) (Table 3). It is worth noting, however,
that the Hemlock Bluffs and James River samples encom-
passed fewer than 20 trees (5 and 15, respectively) because
of relatively small population sizes and our limitation on
distances between sampled trees.

Populations containing unique (private) alleles occurred
throughout the range of eastern hemlock, but the popula-
tions with the most such alleles were located near the
western edge of the species distribution (Table 3; Fig. 2b):
Cross Village in Michigan and Shades State Park in Indi-
ana (both with three), and Mohican-Memorial State Forest
in Ohio (with two). This pattern may result in part from a
lower sampling intensity in the northwestern part of the
species’ range. Three disjunct populations, in addition to
Shades State Park, contained a single unique allele:
Bankhead National Forest in Alabama, Hemlock Cliffs in
Indiana, and Quantico in Virginia (Fig. 2b).

The mean expected heterozygosity across populations
(0.566) was higher than the mean observed heterozygosity
(0.526) (Table 3). In general, higher values of Hy and Hg
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tended to occur in populations in the Southern Appala-
chians and in scattered locations across the North. Isolated
disjunct populations again had the lowest values of H, and
Hg: Hemlock Cliffs (0.312 and 0.329, respectively),
Hemlock Bluffs (0.323 and 0.350), James River (0.359 and
0.468) and Quantico (0.363 and 0.491). Twenty-nine of the
60 populations were significantly out of Hardy—Weinberg
equilibrium, and the mean Fjg inbreeding coefficient was
0.073 across the populations, 50 of which had positive Fig
values (Table 3), all suggesting widespread inbreeding.
While the Providence population in Rhode Island was most
inbred (0.266), the most highly inbred populations tended
to be located in the southern part of the species range
(Fig. 2¢). The least inbred populations were the Penobscot
Experimental Forest in Maine (—0.152) and Point Beach
State Forest in Wisconsin (—0.117) (Table 3).

Eastern hemlock as a whole did not exhibit the excess of
heterozygosity, relative to the heterozygosity expected with
mutation-drift equilibrium, that is expected following a
recent genetic bottleneck. In fact, we found the opposite:
significant heterozygosity deficiency (p = 0.0006), sug-
gesting a relatively recent population expansion without
immigration (Cornuet and Luikart 1996; Karhu et al.
2006). Additionally, no individual populations exhibited a
significant excess of heterozygosity, but 12 had a signifi-
cant deficiency at o = 0.05, nine in the north and three in
the south (Table 3). Three populations did, however, pos-
sess the allele distribution mode shift expected to accom-
pany a bottleneck: Hemlock Bluffs and South Mountains
State Park in North Carolina, and Sanders Preserve in New
York. Among the four TESS-inferred genetic clusters, the
widespread North and South Central clusters had signifi-
cant heterozygosity deficiency (p = 0.0002 and 0.0003,
respectively), while the more limited Southwest and
Southeast clusters did not exhibit significant excess or
deficiency (p = 0.2349 and 0.1879, respectively, for het-
erozygosity deficiency).

Isolated disjunct populations of eastern hemlock
appeared to be among the most genetically distinct based on
mean pairwise chord genetic distance (D) between a given
population and the 59 others (Table 3; Fig. 2d). These
include Hemlock Bluffs (mean D, = 0.154), Bankhead
National Forest (0.135), Hemlock Cliffs (0.095), Shades
State Park (0.078), James River (0.064), and Mammoth
Cave National Park (0.058). Populations with the lowest
level of differentiation tended to exist in the Northeastern
United States (Fig. 2d). Population pairwise D¢ and Fgr
values are provided in Online Resource 1 and 2.

Mantel tests revealed no evidence of isolation by dis-
tance across all 60 populations in the study (r = 0.083,
p = 0.139), but did find moderate IBD among northern
populations (r = 0.373, p = 0.0004) and southern popu-
lations (r = 0.390, p = 0.002).
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Table 3 Measures of genetic variation for each of 60 populations of eastern hemlock, based on 13 nuclear microsatellite loci

ID Population A Ay Pp Ho Hg Agp Fis HWE Mean D¢ Her

1 Copper Falls State Park 4.92 1 92.3 0463 0535 215 0.137  * 0.041 0.055
2 Council Grounds State Park 462 0 92.3 0.52 0.53 2.13 0.019 NS 0.041 0.170
3 Point Beach State Forest 500 O 92.3 0.638 0573 234 —0.117 NS 0.040 0.212
4 Bankhead National Forest* 5.08 1 92.3 0469 0566  2.31 0.176  * 0.135 0.170
5 Presque Isle Park 454 0 92.3 0.508  0.568  2.32 0.109 NS 0.045 0.715
6 Shades State Park* 369 3 100.0 0475  0.476 1.91 0.003 NS 0.078 0.108
7 Hemlock Cliffs* 2.62 1 84.6 0312 0.329 1.49 0.055 * 0.095 0.289
8 Mammoth Cave National Park* 462 0 100.0 0.523  0.604 253 0.137  * 0.058 0.916
9 Cross Village 500 3 100.0 0.519  0.555 225 0.066 NS 0.045 0.047
10 Scott State Forest 492 0 100.0 0484 0552 223 0.126  * 0.054 0.040
11 Douglas Lake 4.69 1 92.3 0.558 0577 237 0.035 NS 0.043 0.545
12 Lone Mountain State Park 469 0 100.0 0.534 0545 220 0.019 NS 0.056 0.294
13 Wright Creek 5.31 0 100.0 0.604 0593 246  —0.018 NS 0.034 0.207
14 Abrams Creek 500 O 100.0 0572 0.623  2.65 0.083 * 0.040 0.682
15 Helton Creek 5.00 1 100.0 0.554 0.602 251 0.082  * 0.051 0.188
16  Pine Mountain State Resort Park 469 0 100.0 0.531 0.551 223 0.037 NS 0.048 0.368
17 Natural Bridge State Resort Park 438 0 100.0 0.517  0.561 2.28 0.081 NS 0.050 0.342
18 New Found Gap 538 0 100.0 0.555 0594 246 0.068 NS 0.036 0.108
19 Cataloochee Creek 523 0 100.0 0.597 0584 240 0.079  * 0.043 0.000
20 Cradle of Forestry 562 0 100.0 0.627  0.62 2.63 —0.01 NS 0.041 0.064
21 Caesars Head State Park 569 0 100.0 0.51 0.63 2.70 0.195 * 0.040 0.095
22 Hocking State Forest 508 0 92.3 0.501 0.567  2.31 0.119  * 0.039 0.055
23 Mohican-Memorial State Forest 446 2 92.3 0419  0.511 2.04 0.182  * 0.055 0.170
24 Carolina Hemlocks Campground 6.00 1 100.0 0.585 0.6 2.50 —0.024 NS 0.038 0.020
25 Iron Mountain 554 0 100.0 0484  0.611 2.57 0.213 * 0.042 0.294
26  Beech Mountain 515 0 92.3 0.577  0.581 2.39 0.007 NS 0.040 0.515
27 Shady Valley 5.15 1 100.0 0.508 0.584 240 0.134  * 0.041 0.342
28 Back Creek 5.31 0 100.0 0476  0.636  2.75 0257 % 0.043 0.830
29 South Mountains State Park 538 0 100.0 0.608  0.663 297 0.085 * 0.052 0.793
30  Cripple Creek 5.31 0 100.0 0546  0.584 240 0.067  * 0.038 0.188
31 New River Gorge National River 508 0 100.0 0.534 0598 249 0.11 * 0.047 0.249
32 Coopers Rock State Forest 38 0 100.0 0.399 0503  2.01 0212  * 0.057 0.368
33 North Creek 446 0 100.0 0.515  0.58 2.38 0.114  * 0.044 0.632
34 Cook Forest State Park 5.08 1 100.0 0.638 0589 243 —0.086 NS 0.036 0.170
35 Big Run State Park 477 0 100.0 0.527  0.581 2.39 0.097  * 0.041 0.227
36  Hone Quarry 454 0 92.3 0.581 0562  2.28 —0.034 NS 0.041 0.633
37 James River* 377 0 84.6 0.359  0.468 1.88 0239  * 0.064 0.207
38 Hemlock Bluffs Nature Preserve*  2.00 0 69.2 0323  0.35 1.54 0.087 NS 0.154 0.633
39  Letchworth State Park 538 0 100.0 0.585 0.609 256 0.041 * 0.038 0.153
40  Fredrick Watershed 462 0 92.3 0427 0569 232 0.255 * 0.058 0.515
41 Quantico* 4.92 1 92.3 0.363  0.491 1.96 0.018 NS 0.052 0.575
42 Caywood Point 562 0 100.0 0513 0556 225 0.025 NS 0.038 0.055
43 Hickory Run State Park 485 0 100.0 0464 0574 235 0.196  * 0.040 0.073
44 Delaware Water Gap 485 0 100.0 0.577  0.561 2.28 —0.029 NS 0.039 0.047
45 Stokes State Forest 48 0 100.0 0.555 0552 223 —0.004 NS 0.041 0.170
46  Arbutus Lake 5.54 1 100.0 0.544 0576 236 0.058 NS 0.036 0.003
47 Sanders Preserve 5.31 0 100.0 0.572  0.617  2.61 0.075 * 0.039 0.342
48 Mount Riga State Park 569 0 92.3 0.577 0597 248 0.035 NS 0.040 0.046
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Table 3 continued

ID Population A Ay Pp Hp Hg Agp Fis HWE Mean D¢ Hgpp
49 Great Mountain Forest 5.46 0 100.0 0.59 0.595 247 0.009 NS 0.036 0.020
50 Lowell Lake State Park 5.23 1 100.0 0.568 0.583 2.40 0.027 * 0.039 0.500
51 McCool/Mekkelsen 5.31 0 100.0 0.561 0.589 243 0.049 * 0.033 0.034
52 Erving State Forest 5.38 1 100.0 0.569 0.591 2.44 0.037 NS 0.037 0.122
53 Sturbridge 5.15 1 92.3 0.566 0.554 2.24 —0.023 NS 0.039 0.259
54 Fox State Forest 5.08 0 100.0 0.538 0.59 2.44 0.089 NS 0.035 0.294
55 Franklin Falls Reservoir 5.46 0 100.0 0.512 0.584 2.40 0.127 * 0.035 0.029
56 Providence 369 0 100.0 0.564  0.574 2.35 0.266 * 0.041 0.084
57 Massabesic Experimental Forest 4.69 0 100.0 0.54 0.58 2.38 0.069 NS 0.038 0.153
58 Penobscot Experimental Forest 4.77 1 100.0 0.644  0.561 2.28 —0.152 NS 0.039 0.084
59 UNB Wood Lot 5.31 0 100.0 0.534  0.537 2.16 0.006 NS 0.036 0.003
60 Victoria Park 5.38 0 100.0 0.558 0.585 2.41 0.048 NS 0.044 0.024
Mean 490 037 97.18 0.526 0.566 2.33 0.073 - 0.048 0.259

A mean alleles per locus, Ay unique (private) alleles, Pp percent of polymorphic loci, Hy observed heterozygosity, Hg expected heterozygosity,
Ap effective number of alleles, F,g inbreeding coefficient, HWE Hardy—Weinberg exact test of heterozygote deficiency, Mean D, mean pairwise
chord distance (Cavalli-Sforza and Edwards 1967) with all other populations, H,.s p value for test of heterozygote deficiency

* g < 0.05 using false discovery rate adjustment

Group comparisons by geography, infestation
and isolation

Standard measures of genetic variation were not signifi-
cantly different between populations north and south of the
maximum extent of the Wisconsin glaciation (Table 5a).
Southern populations, however, were significantly more
genetically differentiated (mean pairwise D¢ = 0.054 vs.
0.041, p <0.001, g = 0.002) and more inbred (mean
Fis = 0.092 vs. 0.052, p = 0.04), although the inbreeding
difference was not significant when accounting for the false
discovery rate associated with multiple comparisons
(g = 0.113). The probability of heterozogosity deficiency
was significantly higher (lower H,r p value) for northern
populations than for southern populations (Hgr = 0.158
vs. 0.353, p < 0.001, g = 0.002), suggesting that northern
populations are, on average, more likely to have undergone
a relatively recent expansion. Few significant differences
also existed between populations in counties that had and
had not yet been infested by hemlock woolly adelgid
(Table 5b). Populations in uninfested counties on average
had more unique alleles (0.682 vs. 0.184, p = 0.011),
although this difference was not significant when
accounting for the false discovery rate (¢ = 0.103). The
probability of heterozygosity deficiency also was higher
among populations in uninfested counties (0.204 vs. 0.291,
p = 0.041), but, again, the difference was not significant
when accounting for the false discovery rate (¢ = 0.186).
At the same time, we detected several significant differ-
ences between disjunct and interior populations (Table Sc).
Specifically, interior populations were significantly more
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genetically diverse than isolated disjunct populations, on
average, for most standard measures, even when applying
more conservative g value. Inbreeding was an exception,
with no significant difference between interior and disjunct
populations. Disjunct populations were more highly dif-
ferentiated than interior populations, according to mean
pairwise D between a given population and all other
populations (0.086 vs. 0.042, p < 0.001, g < 0.001). The
probability of a recent population expansion (Hg,s p value)
was higher in non-disjunct populations, but the difference
was not significant when considering the false discovery
rate (Hgr = 0.238 vs. 0.414, p = 0.049, g = 0.055).
Finally, we detected correlations each between popula-
tion latitude, longitude and elevation, and some genetic
diversity and differentiation measures (Table 6). We found
moderate negative correlations between latitude and
inbreeding coefficient (r = —0.254, p = 0.05, ¢ = 0.134),
suggesting that more northerly populations are less inbred,
and between latitude and mean pairwise D¢ (r = —0.340,
p = 0.008, g = 0.063), suggesting that more northerly
populations are less genetically differentiated. Finally, we
detected a moderate negative correlation between latitude
and probability of heterozygosity deficiency, indicating
that more northerly populations are more likely to have
undergone recent expansion (r = —0.282, p = 0.029,
q = 0.116). None of these relationships was significant at
o = 0.05 when applying the more conservative g value,
however. Longitude, having increasingly negative values
for populations farther west (Table 1), was also negatively
correlated with genetic distance (r = —0.278) and proba-
bility of heterozygosity deficiency (r = —0.263), indicating



Conserv Genet (2012) 13:475-498

487

(a)

Alleles per locus

First quartile
@ Second quartile
@ Third quartile
. Fourth quartile

0 200 400 800 Kilometers,

(b)

Unique alleles
0
e 1
@® 2
@®:

800 Kilometers

© = =

Inbreeding coefficient
@ -02--01
e -0.09-0
e 0.01-0.1
@ o0.11-02

@ o21-03

0 200 400

800 Kilometers,

(d)

Mean pairwise

genetic distance
First quartile

@ Second quartile

@ Third quartile

. Fourth quartile

0 200 400

800 Kilometers

Fig. 2 Eastern hemlock population classifications of a alleles per locus (A), b unique alleles (Ay), ¢ inbreeding coefficient (F;s), and d mean
pairwise chord distance (D¢), based on 13 polymorphic nuclear microsatellite loci

greater genetic differentiation for more westerly popula-
tions and greater likelihood of recent expansion among
more easterly populations. Again, however, these correla-
tions were not significant at o = 0.05 for the more con-
servative ¢ value. Population elevation was positively
correlated with allelic richness (r = 0.383), observed het-
erozygosity  (r = 0.261), expected heterozygosity
(r = 0.380), and effective alleles (r = 0.410); all these
relationships, with the exception of elevation and observed
heterozygosity, were significant at o = 0.05 for both p and

q.

Discussion

Strong and sometimes unexpected geographic patterns of
genetic variation exist across the eastern hemlock range.
Specifically, this study appears to detect the genetic sig-
natures of Pleistocene glacial refuges and post-glacial
colonization routes of eastern hemlock, and of a relatively
recent population expansion. The results also establish the
existence of a negative relationship between population

isolation and genetic diversity and a positive relationship
between population isolation and genetic differentiation.
These findings have profound gene conservation implica-
tions for eastern hemlock.

The distribution of temperate species and their patterns
of genetic diversity have been shaped in large part by the
periodic glacial episodes of the late Quaternary period,
during which ice sheets advanced and retreated on a
100,000-year cycle. Species generally survived glacial
maxima by retreating to refuges at lower latitudes (Hewitt
1996, 2000; Provan and Bennett 2008). Molecular marker
studies have been widely employed to infer the location of
these glacial refuges and the routes of post-glacial coloni-
zation routes for tree species (e.g., Petit et al. 2002; Heuertz
et al. 2004; McLachlan et al. 2005; O’Connell et al. 2008).

Two main genetic diversity patterns support the
hypothesis that a species has undergone range contraction
and expansion coinciding with glacial maxima and minima
(Provan and Bennett 2008): (1) Populations in areas of
glacial refuges are expected to harbor higher levels of
genetic diversity than areas colonized from these refuges
(Comes and Kadereit 1998; Taberlet et al. 1998). This is
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the “southern richness and northern purity” scenario that
occurs when recolonizing populations descend from sub-
sets of the genotypes present in the refugial population and
often subsequently undergo founder effects and genetic
bottlenecks (Hewitt 1999). As a result, stable “rear edge”
populations are of critical conservation importance as long-
term collections of genetic variation and as hot spots of
speciation (Hampe and Petit 2005). (2) Distinct genetic
lineages are expected to exhibit spatial structuring, both
between refugial areas and along recolonization routes
(Hewitt 1996), because the long-term isolation of popula-
tions within geographically distinct refuges will lead to
genetic differentiation and drift (Provan and Bennett 2008).

The existence of several distinct genetic clusters in
eastern hemlock, as inferred by two different spatial
Bayesian clustering approaches, is consistent with this
second key indicator of range contraction and expansion.
Specifically, this result suggests that the species was con-
fined to three or four separate glacial refuges in the
Southeastern United States. The closely related North and
South Central genetic clusters (Fig. 3; Table 4), which
according to both clustering approaches account for most
of the genetic composition of the sampled populations, may
have descended from refuges located in the vicinity of the
Southern Appalachian Mountains. Higher levels of allo-
zyme and chloroplast DNA variation in populations in the
southeastern Appalachians suggest that at least one glacial
refuge area may have been located in or near this region
(Potter et al. 2008; Lemieux et al. 2011). Such a pattern,
where most of a species’ existing distribution descends
from a subset of the putative glacial refuges, is common
among taxa that increased their ranges and abundances
during the glacial-interglacial transition (Bennett and Pro-
van 2008). The North genetic cluster descendants of these
refugial trees may have migrated northeast along the
Appalachians into the northeastern United States and
southeastern Canada before colonizing the Great Lakes
region. It perhaps made secondary contact with trees from
the South Central genetic cluster, with which it appears to
have had high levels of historical gene exchange (Table 4),
consistent with chloroplast DNA evidence of homogeniz-
ing gene flow among eastern hemlock populations during
the Holocene (Lemieux et al. 2011). Trees from the South
Central genetic cluster, meanwhile, also may have made
their way up the Appalachians in addition to moving into
the Midwest. The Southwest genetic cluster, according to
both clustering approaches, exists almost entirely within
the Bankhead National Forest population, part of an area of
remnant hemlock on the Appalachian Plateau of Alabama,
where the species has perhaps remained throughout much
of the Holocene (Hart and Shankman 2005). The Southeast
genetic cluster inferred by TESS, meanwhile, consists of
the very small Hemlock Bluffs outlier population in central
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North Carolina (Holmes 1883; Oosting and Hess 1956)
along with portions of populations in the Southern Appa-
lachians. Perhaps this genetic cluster descends from the
remnant hemlock that disappeared from the coastal plain of
the central Atlantic Seaboard between 4,000 and
2,000 years ago (Delcourt and Delcourt 1987). On the
other hand, the Southeast, North and South Central clusters
are all closely related (Table 4; Fig. 4) and STRUCTURE
did not infer the existence of the Southeast cluster, sug-
gesting that these three clusters may have resulted from the
sub-structuring of a single glacial refuge across a wide
east-to-west gradient.

The exact location of eastern hemlock refuges during the
last glacial maximum is unclear, although it is plausible
that restricted populations of hemlock occurred within a
narrow latitudinal band of mixed conifer-northern hard-
wood forest that existed between northern boreal forests
and more southern temperate forests (Delcourt and Del-
court 1987). Hemlock pollen was discovered at a site in the
lower Mississippi Alluvial Valley in southwestern Ten-
nessee from approximately 20,000 years BP (Delcourt
et al. 1980), and northwestern Georgia from approximately
16,000 BP (Watts 1970). Hemlock pollen may also have
been present in small amounts in the Coastal Plain of
northeastern North Carolina approximately 20,000-25,000
BP, disappearing from the pollen record until about
10,000 years BP (Whitehead 1973). Between 16,000 and
13,000 years ago, hemlock moved north along the Appa-
lachian mountains and colonized portions of the mid-
Atlantic seaboard (Delcourt and Delcourt 1987), including
the coastal plain of South Carolina (Watts 1980) and the
Delmarva Peninsula (Sirkin et al. 1977). Eastern hemlock
colonized New England by 10,000 years BP and the east-
ern Great Lakes area and New York by about 12,000 years
BP; it maintained a primary population center in the
Central and Southern Appalachians until approximately
6,000 years BP, when the main area of dominance exten-
ded into the Northern Appalachians, New England and
southeastern Canada. About that time, it arrived at Lake
Superior and the Upper Peninsula of Michigan (Delcourt
and Delcourt 1987), reaching its recent maximum distri-
butional range and abundance (Davis 1983).

Regional patterns of genetic variation

Patterns of microsatellite genetic variation across the range
of eastern hemlock are not unequivocally consistent with
the expectation that populations in refugial areas should
harbor higher levels of genetic variation than colonized
areas (Provan and Bennett 2008). On one hand, all the
inferred genetic clusters are present in the southern part of
the species range (the putative refugial zone), compared to
a single genetic cluster dominating the populations existing
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Table 4 Pairwise gene exchange estimates and genetic differentiation among the eastern hemlock genetic clusters, based on 13 polymorphic

nuclear microsatellite loci

North

Southwest

South Central Southeast

North -

Southwest 0.31 -
South Central 12.81 0.64
Southeast 2.72 0.63

0.382/0.248

0.060/0.056 0.048/0.036
0.359/0.251 0.337/0.193
- 0.044/0.035
3.55 -

Upper diagonal: pairwise D, (Jost 2008) and Fgr. Lower diagonal: number of migrants per generation (V,,) estimated with the private-allele

method

Carolina hemlock (outgroup)

Southwest

100.0

South Central

94.5

Southeast

45.0

10 L North

Fig. 4 Consensus neighbor-joining phylogram depicting D¢ genetic
distance (Cavalli-Sforza and Edwards 1967) among the clusters of
eastern hemlock, with Carolina hemlock as an outgroup. The values
represent the percent bootstrap support for the nodes over 1,000
replicates

in formerly glaciated territory. A similar pattern of genetic
structure is common across species of the southeastern
United States, most likely the result of the survival and
divergence of genomes in separate refuges through repe-
ated glacial and interglacials (Hewitt 2000). As a result,
populations at the trailing edge of a species’ range, such as
the genetically divergent Bankhead and Hemlock Bluffs
populations of eastern hemlock, often harbor a dispropor-
tionate share of the genetic resources of a species (Petit
et al. 2003).

At the same time, most measures of eastern hemlock
genetic variation are, on average, not significantly different
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between populations in glaciated and unglaciated areas
(Fig. 1; Table 5). Many North American studies report
lower genetic diversity in northern populations that
expanded from refuges south of the ice sheets (Hewitt
2000). These include more northerly populations of
mountain hemlock (Tsuga mertensiana [Bong.] Carr.),
which suffered a loss of genetic variation due to post-gla-
cial range expansion (Ally et al. 2000), and lodgepole pine
(Pinus contorta Doug. ex Loud.), in which allelic richness
is related to time since population founding (Cwynar and
Macdonald 1987). This is not a universal pattern, however.
In whitebark pine (Pinus albicaulis Engelm.), for example,
populations from glaciated areas had levels of genetic
diversity similar to those from unglaciated areas, perhaps
because its seeds are bird-dispersed (Jorgensen and Ham-
rick 1997). In Europe, the genetic diversity of Alnus glu-
tinosa (L.) Gaertn. populations increased northwards and
westwards away from the species’ putative glacial refuge
in the Carpathian Mountains, possibly the result of historic
processes related to genetic drift and effective population
size (Cox et al. 2011).

Also countering expectations is the fact that eastern
hemlock appears to have two main centers of genetic
variation, one in the refugial Southern Appalachians
region and one in a formerly glaciated region encom-
passing New York and the New England states (Fig. 2a;
Table 3). One possible explanation is the existence of a
glacial refuge on the currently submerged continental shelf
south of New England, which mastodon fossils (Whitmore
et al. 1967) and tree pollen (Emery et al. 1967) suggest
was unglaciated forestland. Under this model, hemlock
from this refugial population would have colonized New
England and southeastern Canada to the north, the north-
ern Great Lakes States and Ontario to the west, and the
Appalachian chain as far south as North Carolina and
Georgia, making secondary contact with hemlocks moving
north from more southerly refuges. This scenario seems
unlikely, given that the North genetic cluster (which
would have had its origin in the continental shelf refuge
under this model) and South Central genetic cluster
(potentially descended from a refuge in or near the
Southern Appalachians) are highly related (Table 4). It is
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Table 5 Comparison between means of genetic variation statistics for populations north and south of the maximum glacial extent, within and
not within counties infested by hemlock woolly adelgid (HWA), and disjunct from or existing within the main range of the species

North (n = 29)

South (n = 31) Differences of means

Mean SD Min Max Mean SD Min Max V4 q
(a) Region
Allelic richness (A) 5.00 0492 3.69 5.69 4.81 0.831 2.00 6.00 0.238 0.268
Unique alleles (Ay) 0.517 0.871 0 3 0.226 0.425 0 1 0.117 0.158
Percent loci polymorphic (p,,) 97.6 3.625 923 100 96.8 6.822  69.2 100 0.442 0.442
Observed heterozygosity (Hp) 0.542  0.049 0.419 0.644  0.511 0.087 0.312 0.638  0.123 0.158
Expected heterozygosity (Hg) 0.567 0.029 0.476 0.617 0.565 0.073 0.329 0.663  0.108 0.158
Effective alleles (Ag) 232 0.150 1.91 2.61 235 0315 1.49 2.97 0.103 0.158
Inbreeding (Fs) 0.052 0.085 —0.152 0.266  0.092 0.089 —0.086 0.257  0.038 0.113
Mean pairwise D¢ 0.041 0.008 0.033 0.078  0.054 0.027 0.034 0.154 <0.001 0.002
Heterozygosity deficiency (Hg,) p value  0.158 0.174 0.003 0.715  0.353 0.254 0.000 0916 <0.001 0.002
HWA present (n = 38) HWA absent (n = 22) Differences of means
Mean SD Min Max Mean SD Min Max P q
(b) HWA presence
Allelic richness (A) 492  0.713 2.00 6.00 4.87  0.661 2.62 554 0352 0.356
Unique alleles (Ay) 0.184 0.393 0 1 0.682 0.945 0 3 0.011 0.103
Percent loci polymorphic (p,,) 97.57 5966 69.2 100 96.5 4588 84.6 100 0.086 0.186
Observed heterozygosity (Hp) 0.526 0.072 0.323 0.627  0.527 0.075 0.312 0.644 0.356 0.356
Expected heterozygosity (Hg) 0.572  0.053 0.350 0.663  0.556 0.060 0.329 0.617 0.101 0.186
Effective alleles (Ag) 237 0248 1.54 2.97 228 0242 1.49 2.61  0.104 0.186
Inbreeding (Fjs) 0.084 0.089 —0.034 0.266  0.052 0.086 —0.152 0.182 0.242 0.356
Mean pairwise D¢ 0.047 0.019 0.034 0.154  0.05 0.024 0.033 0.135 0.284 0.356
Heterozygosity deficiency (Hgep) p value 0291 0.236 0.000 0.830  0.204 0.237 0.003 0916 0.041 0.186
Disjunct (n = 7) Not disjunct (n = 53) Differences of means
Mean SD Min Max Mean SD Min Max )4 q
(c) Disjunct status
Allelic richness (A) 3.81 1.170  2.00 5.08 505 0.447 3.69 6.00 0.001 0.002
Unique alleles (Ay) 0.857 1.069 O 3 0.302  0.607 0 3 0.047 0.055
Percent loci polymorphic (p,,) 89 10.759 69.2 100 98.26 3253 923 100 0.001 0.002
Observed heterozygosity (Hp) 0403  0.084 0312 0.523  0.542 0.053 0.399 0.644  0.000 <0.001
Expected heterozygosity (Hg) 0469  0.102  0.329 0.604 0.579 0.030 0.503 0.663  0.001 0.002
Effective alleles (Ag) 1.95 0375 149 2.53 239  0.173 2.01 2.97 0.001 0.002
Inbreeding (Fjs) 0.102  0.086  0.003 0.239  0.069 0.089 —0.152 0.266  0.201 0.201
Mean pairwise D¢ 0.091  0.040 0.052 0.154  0.042 0.006 0.033 0.058 <0.001 <0.001
Heterozygosity deficiency (Hgep) p value  0.414  0.299  0.108 0916  0.238 0.225 0.000 0.830  0.049 0.055

Values of p and ¢ significant at o < 0.05 are in bold
g, false discovery rate adjusted p value

more likely that these two genetic clusters are associated
with refuges that had at least a small degree of historic
genetic exchange. Additionally, isopoll maps derived from
more than 700 fossil-pollen sites show little evidence of
high Tsuga pollen abundances in the Northeast until
approximately 10,000 BP, while high pollen abundances
existed as early as 14,000 years BP in the Southern

Appalachians, extending northward over time into New
England (Williams et al. 2004).

A potentially more parsimonious explanation for eastern
hemlock’s pattern of genetic variation incorporates a well-
documented sudden and drastic decline in abundance
throughout most of its range about 5,000 years ago (Ben-
nett and Fuller 2002), consistent with a large-scale
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pathogen or insect outbreak (Davis 1981b; Allison et al.
1986). Fossil evidence indicates that eastern hemlock
experienced mass mortality caused by insect defoliation
(Anderson et al. 1986), primarily hemlock looper (Lamb-
dina fiscellaria Guen.) in association with eastern spruce
budworm (Choristoneura fumiferana Clemens) (Bhiry and
Filion 1996). This was followed by a gradual recovery in
abundance over 1,000 or more years (Davis 1981a; Foster
and Zebryk 1993), potentially as the species developed
widespread host resistance (Davis 1981a; Foster 2000).
The existence of such widespread host resistance is sup-
ported by the fact that the foliar terpenoid chemistry of
eastern hemlock and Carolina hemlock is adapted for
defense against defoliating insects such as hemlock looper
and eastern spruce budworm, while Asian hemlock species
have terpenoid profiles suggesting their foliar chemistry is
adapted for defense against sucking insects (Lagalante and
Montgomery 2003; Lagalante et al. 2007).

The large-scale prehistoric decline associated with this
insect outbreak may have resulted in an extreme genetic
bottleneck that is unusual for such a widespread species
(Petit et al. 2004), as revealed by the microsatellite sig-
nature of inbreeding across the entire eastern hemlock
range (Table 2) and for nearly all the sampled populations
across its range (Fig. 2c¢). This pattern is consistent with
extensive allozyme inbreeding in the southern (Potter et al.
2008) and western (Zabinski 1992) parts of its range. The
intensity of the hemlock decline and the residual abun-
dance of the species varied geographically, with trees
surviving in rare but widespread populations (Foster 2000).
The fossil-pollen record (Williams et al. 2004) suggests
eastern hemlock maintained the highest abundance in the
northeastern part of its range, while it became rare in the
Southern Appalachians. In fact, southern populations are
more inbred on average than northern populations
(Table 5), contrary to post-glacial migration expectations

but consistent with greater population isolation in the
south. Perhaps the decline was less severe in the Northeast,
allowing eastern hemlock to maintain most of its existing
genetic variability in that region, while a precipitous
decline in the Southern Appalachians reduced previously
high genetic variation to a level on par with the variation
present in the Northeast. While we did not detect the sig-
nature of a recent genetic bottleneck for eastern hemlock or
any of its populations or genetic clusters, we did find evi-
dence of a recent rangewide population expansion that
could have followed such an event, in the form of a sig-
nificant deficiency of heterozygosity compared to expec-
tations under migration-drift equilibrium. Additionally, the
probability of recent population expansion was greater in
northern than in southern populations (Table 5), and was
positively correlated with population latitude (Table 6),
possibly suggesting a strong recovery in the north follow-
ing the prehistoric decline, or a recent continuation of
range expansion in the north, or a combination of both.
Widespread inbreeding across the range of eastern
hemlock is also consistent with a pattern of long-distance
colonization events and subsequent genetic bottlenecks
occurring during post-glacial range expansion (Hewitt
1996; Ibrahim et al. 1996; Bialozyt et al. 2006). While this
mode of colonization has been demonstrated at the north-
western limit of eastern hemlock in Wisconsin, where the
species has expanded its range relatively recently (Parshall
2002), this process does not explain the relatively higher
levels of eastern hemlock inbreeding in the areas nearest its
putative glacial refuges. Finally, the self-compatibility of
eastern hemlock may influence the inbreeding results,
although the degree to which this might be the case is
unclear. A controlled-cross study of eastern hemlock did
not verify the parentage of putative selfed seedlings using
molecular markers, nor did it assess subsequent growth and
survival; additionally, the number of seedlings germinated

Table 6 Correlations between population-level genetic variation measures and latitude, longitude and elevation

Latitude Longitude Elevation

r p q r p q r p q
Allelic richness (A) 0.065 0.619 0.708 0.185 0.156 0.250 0.383 0.003 0.008
Unique alleles (A,) 0.184 0.159 0.318 —0.190 0.146 0.250 —0.146 0.266 0.355
Observed heterozygosity (Hop) 0.158 0.228 0.365 0.204 0.117 0.250 0.261 0.044 0.089
Expected heterozygosity (Hg) —0.043 0.747 0.747 0.123 0.350 0.399 0.380 0.003 0.008
Effective alleles (Ag) —-0.129 0.327 0.436 0.097 0.461 0.461 0.410 0.001 0.008
Inbreeding (Fis) —0.254 0.050 0.134 —0.130 0.323 0.399 0.057 0.663 0.663
Mean pairwise D¢ —0.340 0.008 0.063 —0.278 0.031 0.170 —0.237 0.068 0.109
Heterozygosity deficiency (Hg,y) p value —0.282 0.029 0.116 —0.263 0.042 0.170 —0.093 0.478 0.546

Values significant at « < 0.05 are in bold
g, false discovery rate adjusted p value
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per selfed cone (1.12) was much smaller than per out-
crossed cone (6.26) (Bentz et al. 2002). Further work is
needed to assess the degree to which selfing might affect
inbreeding in natural stands of eastern hemlock.

Genetic composition of isolated populations

The distribution of eastern hemlock includes several
peripheral disjunct populations along its southern and
western edges; seven of these outliers were sampled for
this study. These populations are of particular conservation
concern because within-population genetic diversity gen-
erally declines and among-population genetic differentia-
tion generally increases from the center of a species’
geographic range to its periphery (Eckert et al. 2008). Loss
of genetic diversity in small and isolated populations of
tree species is often associated with genetic drift and
inbreeding (Jaramillo-Correa et al. 2009), and is predicted
to reduce overall population fitness (Reed and Frankham
2003) and the capacity of populations to adapt to envi-
ronmental change (Willi et al. 2006). Differential adaptive
pressures, genetic drift, and mutation, meanwhile, could
push reproductively isolated populations toward greater
genetic differentiation, leading to the potential for specia-
tion (Slatkin 1987).

Isolated disjunct populations of eastern hemlock appear
to encompass significantly less genetic variation than range-
interior populations by most measures (Table 5). This is
contrary to a study of chloroplast DNA restriction fragment
length polymorphisms (RFLPs) that included several east-
ern hemlock outliers, which did not find any difference in
heterogeneity between pooled main-range and unglaciated
outlier populations, but included only seven populations
from the former category and three from the latter (Wang
et al. 1997). At the same time, we found that disjunct
populations contained more unique alleles, on average, than
main-range populations (Table 5). Particularly noteworthy
in the current study is the fact that three highly isolated
western populations contained unique alleles, Shades State
Park in Indiana with three and Hemlock Cliffs in Indiana
and Bankhead National Forest in Alabama with one each
(Table 3; Fig. 2b). This seems to suggest the effects of
long-term isolation and genetic divergence in this region.
These results are consistent with the chloroplast RFLP
study, which detected relatively high fragment diversity in
isolated populations (Wang et al. 1997).

As expected, disjunct populations of eastern hemlock
are more genetically distinct than main-range populations,
as measured by mean pairwise genetic distance from a
given population to all other populations (Table 5). Addi-
tionally, trees from the Bankhead National Forest were
genetically distinct enough to have been assigned to a

unique genetic cluster (Fig. 3). While the populations in
Indiana are glacial relicts where local conditions are not the
best suited for eastern hemlock (Friesner and Polzger
1931b), seedlings have been able to establish on steep
slopes and other areas with shallow forest litter (Friesner
and Polzger 1931a). Eastern hemlocks in the Bankhead
disjunct area in Alabama contain viable populations that
are successfully regenerating, if highly localized (Hart and
Shankman 2005), while eastern hemlock population at
Hemlock Bluffs in North Carolina seems to barely be able
to survive and reproduce under conditions that approach
the xeric extreme of its adaptability (Oosting and Hess
1956). It is therefore not surprising that Hemlock Bluffs is
the least genetically diverse population by several mea-
sures (Table 3).

Gene conservation implications

Studies of the genetic diversity of forest trees over sub-
stantial parts of their distributions are relevant for forest
and landscape management, the inventory of genetic
resources, and the conservation of rare, endemic, relictual
and endangered tree species (Pautasso 2009). In addition to
clarifying recent evolutionary history for an ecologically
important eastern North American conifer, the results of
this range-wide molecular marker study of eastern hemlock
are helpful for the development of ongoing ex situ con-
servation efforts by Camcore (international tree breeding
and conservation program at North Carolina State Uni-
versity) and USDA Forest Service’s Forest Health Protec-
tion program that have already secured seed from 418
mother trees in 60 populations of eastern hemlock (Cam-
core 2010). The primary goal of the ex situ conservation
effort is the capture of a seed sample that is broadly
adapted and that, in response to devastation by hemlock
woolly adelgid, can be used to repopulate eastern hemlock
populations across the wide variety of habitat types and
climate zones found within the geographic range of the
species. The molecular marker data presented in this paper
will be used to refine the seed collections within putative
adaptive zones, determined based on environmental char-
acteristics across the range of the species, so that these
collections are representative of the patterns of genetic
diversity present in the landscape and are focused on areas
with high levels of genetic variation or that contain rare
and unique alleles. While selectively neutral markers such
as microsatellites may have only limited ability to predict
quantitative trait diversity (Reed and Frankham 2001),
some evidence suggests that heterozygosity may be asso-
ciated with fitness (Reed and Frankham 2003) and that
neutral marker differentiation among populations could be
at least roughly predictive of genetic differentiation among
populations in quantitative traits (Leinonen et al. 2008).
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Although not ideal, molecular genetic diversity is the most
rapidly and easily assessable measure of diversity in nat-
ural populations, and so remains our best estimate of
adaptive potential of these populations in an uncertain
environment (Jump et al. 2009).

Gene conservation efforts in the Southern Appalachians
and New England are likely to capture high levels of
genetic variation in eastern hemlock, including allelic
richness and heterozygosity. Ex situ and in situ conserva-
tion activities should not be limited to these two regions,
however. While some unique alleles are present in these
regions, populations with the most unique alleles are
located in the western reaches of the eastern hemlock
range. This may result in part from a low sampling inten-
sity in the Great Lakes states and elsewhere along the
western periphery of the range, but these alleles are still
specific to the western region and would not be captured if
seed collections were limited to other regions.

Additionally, gene conservation for eastern hemlock
should incorporate thorough representation from peripheral
populations. While these are less genetically diverse than
interior populations for several measures of genetic varia-
tion, they also contain more unique alleles on average
(Table 5), in keeping with the expectation that conserva-
tion of peripheral disjunct populations may present the best
opportunity for conserving rare alleles (Gapare et al. 2005).
Adequately conserving genetic diversity in peripheral
populations, however, may require collections over larger
areas than in core populations because of fine-scale genetic
structure associated with the lower density of adult trees
(Gapare and Aitken 2005). Isolated disjunct eastern hem-
lock populations also are more genetically distant on
average from all other populations (pairwise D) than are
interior populations (Table 5), and their genetic composi-
tion consists largely of genetic clusters other than the
widespread North genetic cluster (Fig. 3). In the face of
changing climate conditions, these populations may be
among the most at risk. While low genetic variation in
peripheral populations may not necessarily impair their
response to climate change (Pautasso et al. 2010), strong
and continuous directional selection under extreme envi-
ronmental conditions might further reduce their genetic
variability for fitness-related traits compared to central
populations, which are expected to experience a much
larger component of stabilizing selection (Eckert et al.
2008). Also, peripheral populations of eastern hemlock
generally are small, some containing fewer than 1,000
trees, while all are isolated from the generally continuous
eastern hemlock distribution where considerable short- to
middle-distance gene exchange is likely to be common.
Individuals in such small and isolated populations are
generally less fit as a result of environmental stress and
inbreeding, forces that can substantially increase the

@ Springer

probability of population extirpation under changing
environmental conditions (Willi et al. 2006).

Finally, a comprehensive genetic conservation strategy
aiming to adequately sample eastern hemlock genetic
variation will need to encompass regions both infested and
as yet uninfested by the hemlock woolly adelgid, even
though, on average, few significant differences exist in
population-level measures of genetic diversity between
populations within and outside of counties currently
infested by the insect (Table 5). Gene conservation efforts
in currently uninfested areas, including the Midwest,
western Pennsylvania and New York, northern New York
and New England, and Canada (United States Department
of Agriculture Forest Service 2011), would capture much
allelic diversity. Such efforts are warranted, given that
predicted warmer winters could allow HWA to spread into
portions of the hemlock range where it is currently unable
to survive (Dukes et al. 2009). Infested areas, meanwhile,
may contain many unique alleles and novel gene combi-
nations. In fact, the existence of all inferred genetic clusters
within the southern part of the eastern hemlock range,
compared to only one across much of the north, argues in
favor of intense seed collection and stand-management
activities in the south, which was almost entirely infested
by 2010 (United States Department of Agriculture Forest
Service 2011). The need for such gene conservation
activities is urgent, given that HWA can kill untreated
hemlocks within 4 years (McClure 1991) and that it has
spread particularly quickly in recent years through the
southern portion of the eastern hemlock distribution (On-
ken and Reardon 2010).
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