
ABSTRACT 

CAMPBELL, ANGELIA ROSE. Assessing Carolina Hemlock (Tsuga caroliniana Engelm.) 

Population Genetic Structure and Diversity in the Southern Appalachians Using 

Microsatellite Markers. (Under the direction of Robert Jetton). 

 

 Carolina hemlock (Tsuga caroliniana Engelm.) is a rare conifer species that exists in 

a few small, isolated populations throughout the southern Appalachian Mountains. There is a 

need to develop conservation genetics strategies for this species, as it is under threat by the 

hemlock woolly adelgid (Adelges tsugae Annand), an invasive species that can kill the trees 

in as little as four years. In order to develop these strategies, more information about the 

population genetic structure of Carolina hemlock is necessary. In this study, 439 trees from 

twenty-nine populations of Carolina hemlock were sampled: a range-wide, comprehensive 

sampling of most of the known populations of Carolina hemlock. Sixteen polymorphic 

microsatellite loci were amplified in these samples. The results show that the populations of 

Carolina hemlock are inbred (Overall FIS = 0.464), and highly differentiated from each other 

with little gene flow (Overall FST = 0.496, Nm = 0.9116). Three genetic clusters were inferred 

using STRUCTURE, and the genetic makeup of each population was identified. One cluster 

dominated in the northern populations, one in the southeastern populations, and one in the 

southwestern populations -- though all three regions had some representation from every 

cluster. The relationships displayed on the neighbor-joining tree mirror the population 

structure shown in the STRUCTURE results. The data indicated that the unusual population 

of Cuyahoga Valley is likely planted rather than natural. Though no correlation between 

genetic diversity and latitude, longitude or elevation was uncovered, the analysis yielded 

informative diversity measures for each population. Pockets of diversity were identified. This 

information will be invaluable in developing conservation strategies for Carolina hemlock. 



Knowledge about the population genetic structure of Carolina hemlock will inform 

management efforts, showing which regions and populations to prioritize for protection and 

conservation. 
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CHAPTER 1 

A Review of the Literature Relevant to Carolina Hemlock and the Hemlock Woolly 

Adelgid 

 

Distribution 

Carolina hemlock, Tsuga caroliniana Engelm. (Pinaceae), is a rare conifer endemic to 

the Appalachian mountains of the Southeastern United States. It occurs in a number of 

isolated populations distributed across five states: North Carolina, South Carolina, Virginia, 

Tennessee, and Georgia. Its total geographic range sums to only 465 by 165 kilometers 

(Humphrey et al. 1989, Jetton et al. 2008a). It may be limited from spreading southward by 

high summer temperatures and frequent fires, and restricted from northward expansion by 

less summer precipitation and less frequent fires (Jetton et al. 2008a).  

Carolina hemlock is one of two species of hemlock found in the Eastern United 

States. The other species, Eastern hemlock, Tsuga canadensis (L.) Carr., overlaps the range 

of Carolina hemlock, but covers a much larger area, reaching from the southern 

Appalachians north into New England and Canada and west into Michigan and Wisconsin 

(Godman and Lancaster 1990, McWilliams and Schmidt 2000). The southern part of its 

range continues beyond the range of Carolina hemlock (Rentch et al. 2000). The distribution 

of T. canadensis extends through 24 U. S. states and 5 Canadian provinces (Carey 1993).  

Carolina hemlock does not apparently hybridize naturally with eastern hemlock 

(Eckenwalder 2009). Surprisingly, though T. caroliniana is from the same geographic range 

as T. canadensis, it is in fact more closely related to Asian hemlock species than it is to T. 
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canadensis (Havill et al. 2008). One possible explanation for this unexpected relationship is 

that T. caroliniana evolved and migrated into the region earlier than T. canadensis, and its 

ancient range was far more widespread than the remnants we see today. The fossil record of 

Tsuga offers evidence that the species was once much more widespread (LePage 2003). 

Morphology 

The tree can grow up to a height of 30 meters, though it is generally shorter. It has 

fibrous, furrowed, scaly bark, thinly haired twigs, and the needles are 1-2 centimeters long, 

untoothed, and bluntly rounded at the tip. The branches of T. caroliniana droop downwards. 

The winter buds measure 1-2 mm long, with pointed tips, and the yellow pollen cones 

measure 5 mm in length. The seed cones are 2.5-4 cm long, transitioning from green to light 

brown as they mature (Eckenwalder 2009, Williams, 2007). Their seeds are dispersed by 

wind. Tsuga caroliniana has a shallow, spreading root system, which makes it vulnerable to 

extremes in soil moisture or dryness and dangers such as being uprooted in strong winds 

(Coladonato 1993).  

Though quite similar in appearance to Eastern hemlock (Tsuga canadensis) Carolina 

hemlock is smaller, with a more compact crown. At maturity, eastern hemlock is usually 18-

21 meters tall, with a trunk diameter of 61-122 cm (Carey 1993). The needles of Carolina 

hemlock are more distantly spaced and not ranked in pairs as strongly as those of Eastern 

hemlock (Ward et al. 2004; Eckenwalder 2009). 
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Ecology 

Preferring dry, well-drained soils, and steep exposed rocky outcrops, T. caroliniana is 

usually found at elevations between 600 and 1,500 meters (Humphrey et al. 1989).  Carolina 

hemlock usually grows on soils ranging from very acidic to neutral pH (Coladonato 1993) 

with sand clay loam texture. It can tolerate a soil types having a range of sand or clay 

content, but avoids silty soils (Jetton et al. 2008a). Tsuga caroliniana tends to grow in 

association with Acer rubrum L. (red maple), Quercus prinus Willd. (chestnut oak), 

Amelanchier arborea Michx. f. Fern. (serviceberry), Rhododendron spp., Kalmia latifolia L. 

(mountain laurel), Halesia carolina L. (Carolina silverbell), Ilex opaca Aiton (American 

holly), Pinus strobus L. (eastern white pine), and Pinus pungens Lamb. (table mountain pine) 

(Humphrey 1989, Coladonato 1993, Rentch et al. 2000, Potter et al. 2010). However, it is 

also known to grow in pure stands. Tsuga caroliniana is associated with two FRES (Forest-

Range Environmental Study) ecosystem classifications: oak-hickory and oak-pine 

(Coladonato 1993).  

Tsuga caroliniana is a late successional species. It is quite difficult for other species 

to invade and become well established in areas where it dominates the climax forest 

composition. A long-lived species, T. caroliniana’s life history strategies include stress 

tolerance and a slow growth rate (Humphrey 1989, Rentch et al. 2000). For instance, 

Carolina hemlock is drought-tolerant and very shade-tolerant. Tsuga caroliniana employs 

conservative strategies—it prioritizes reducing transpiration losses and reducing nutrient loss 

to leaf litter (Rentch et al. 2000, Williams 2007).  



4 

 

 

 

 

Eastern hemlock prefers a substantially different habitat type than T. caroliniana. It 

favors rich coves, valley flats, and north facing slopes of sheltered ridges. It can tolerate a 

wider range of habitat types as well, sometimes growing at swamp borders (Carey 1993). 

Eastern hemlock prefers acidic, moist soil and often grows at lower elevations than T. 

caroliniana (Rentch et al. 2000). However, eastern hemlock shares many similarities with T. 

caroliniana: both are long-lived shade-tolerant species that prefer well-drained soil; both are 

late-successional, dominant climax species (Carey 1993, Rentch et al. 2000). Associates of 

eastern hemlock include Betula lenta L. (sweet birch), Acer pennsylvanicum L. (striped 

maple), Acer spicatum Lam. (mountain maple), Viburnum alnifolium Marsh. (hobblebush), 

Viburnum acerifolium L. (mapleleaf viburnum), Ilex montana Torr. and Gray (mountain 

winterberry), Rhododendron spp., Kalmia latifolia L. (mountain laurel), Hamamelis 

virginiana L. (witch hazel), Maianthemum canadense Desf. (Canada mayflower), Trientalis 

borealis Raf. (star flower), Oxalis montana Raf. (common woodsorrel), Coptis groenlandica 

Oeder (goldthread), Lycopodium  spp., Pteridium aquilinum (L.) Kuhn (bracken), Dryopteris 

spp. (woodfern), and Carex spp. (Carey 1993).  

Both T. caroliniana and T. canadensis are shade-tolerant, dominant climax species 

that have a large role in creating and reinforcing the very habitat type they prefer, and losing 

them can result in drastic changes in ecosystem function. For example, T. canadensis has a 

strong influence on stand microclimate and can alter soil pH by depositing acidic litter 

(Orwig and Foster 1998). Loss of eastern hemlock trees can also strongly impact nutrient 

cycling, possibly causing accelerated nitrogen mineralization and nitrification rates and 
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nutrient loss through increased nitrate and cation leaching in soil water. This would likely 

reduce both forest productivity and surface water quality (Jenkins et al. 1999, Yorks et al. 

2000). Losing large numbers of T. caroliniana, a late successional species, might have a 

similar significance in stands where it dominates.  

Ecologically, T. caroliniana is an important species in various ways. As a food source 

for wildlife, it supports deer, porcupine, rabbits, and beavers. A variety of birds and 

mammals feed on its seeds. In addition, both T. caroliniana and T. canadensis stands provide 

vital winter shelter and bedding for white-tailed deer and cover for species such as ruffed 

grouse, turkey, rabbit, and snowshoe hare (Coladonato 1993, Quimby 1996). Several birds, 

including the black-throated green warbler, the solitary vireo, and the northern goshawk, are 

obligate species of Eastern hemlock. Shrubs and herbs such as Dirca palustris L. 

(leatherwood), Goodyera pubescens Willd. (rattlesnake plantain), Cornus canadensis L. 

(bunchberry), Coptis groenlandica (goldthread), Lycopodium spp., Clintonia borealis (Ait.) 

Raf. (bluebead), Maianthemum canadense Desf. (Canada mayflower), and Oxalis spp. (wood 

sorrels) thrive in hemlock-dominated habitats (Quimby 1996). Many of these relationships 

and potential impacts have been determined based on research on T. canadensis. However, it 

is possible that some of these impacts may extend to T. caroliniana as well.  

The proportion of hemlock in the overstory is a major determining factor in the 

composition of the ground cover; hemlock-dominated stands are characterized by low light 

levels, nutrient-poor, acidic litter, and reduced precipitation reaching the forest floor. These 

characteristics result in lower species diversity and less ground cover. The hemlock canopy 
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also has a cooling effect. Thus, species that inhabit dense hemlock stands are often dependent 

on the conditions of that habitat. Loss of this hemlock ecosystem would have a detrimental 

effect on many species (Quimby 1996), as hemlock mortality opens up gaps in the overstory 

and increasing amounts of light reach the understory (Yorks et al. 2000).  

Hemlock mortality can drastically change the forest community structure; especially 

so since the shift is from a coniferous composition to a deciduous composition. Hardwoods 

such as Betula lenta (black birch), Acer rubrum L. (red maple), and Quercus spp. (oaks) are 

particularly likely to replace lost hemlocks (Jenkins et al. 1999). Regarding eastern hemlock, 

its wide range and prevalence mean that these changes will likely be influential on a large 

regional scale.  

The economic value of T. carolinana is another consideration. Carolina hemlock can 

be used for lumber or pulpwood. However, because of its rarity, it is not a species of great 

commercial importance (Coladonato 1993, Quimby 1996). It does have significant 

recreational and aesthetic value, and is often planted ornamentally and used frequently in 

landscaping (Havill et al. 2011). However, its economic value is also tied to its ecological 

value. Though a concept more difficult to quantify, Carolina hemlock’s presence improves 

outdoor recreational activities and wildlife welfare, which enables activities such as sport 

hunting. This is also of economic importance (Quimby 1996). 

Hemlock Woolly Adelgid 

Our two eastern hemlock species, Tsuga caroliniana and Tsuga canadensis, share a 
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common predicament. They are currently under threat by the invasive hemlock woolly 

adelgid (Adelges tsugae Annand, Hemiptera: Adelgidae). The hemlock woolly adelgid, a 

piercing-sucking pest, was introduced from Japan to the Eastern United States, and first 

documented in 1951 in Richmond, VA (Ward et al. 2004, Havill et al. 2011).  

The 1-2 mm insect feeds on the sap from trees, depleting the tree’s nutrient stores. 

Closely related to aphids and phylloxerans, members of the Adelgidae feed solely on 

gymnosperms—specifically, genera of Pinaceae. Displaying complex, multigenerational, 

polymorphic life cycles, adelgids are very host-specific. The newly hatched ―crawlers‖ of 

Adelges tsugae search for sites to settle at the base of the tree’s needles and insert their 

mouthparts to draw nutrients from the ray parenchyma (Havill and Foottit 2007). The 

hemlock woolly adelgid prefers to settle on new growth rather than old growth (McClure 

1991).  

Settled hemlock woolly adelgids can be identified by a whitish ―wool‖ which can be 

seen on infected trees, most easily seen under young twigs. The wool is a protective wax 

coating that covers the bodies of adult adelgids and their egg masses (Cheah et al. 2004). At 

high densities, the ―wool‖ can even cause a respiratory reaction in humans. Adelgids tend to 

feed mostly during cooler times of year, and are inactive during the summer heat (Ward et al. 

2004). 

Though A. tsugae has been documented on all hemlock species, it is only fatal to T. 

caroliniana and T. canadensis. Carolina hemlocks can die within two to four years of being 
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infested, but some have survived for up to ten years with an infestation (Havill et al. 2011). 

Moreover, conditions that place stress on the tree, such as drought or temperature extremes, 

can render it more vulnerable to mortality from adelgid infestation (Quimby 1996). Similarly, 

it is possible that predicted future global climate change rates may interact with and 

exacerbate the hemlock woolly adelgid’s effects on hemlock populations (Lemieux et al. 

2011). 

Adelges tsugae harms the tree by depleting its nutrient stores and possibly also 

injecting a toxic saliva, as other adelgids are known to do (McClure 1991). Buds and needles 

on infected branches die; the needles desiccate, become grayish-green, and eventually fall. 

Since the adelgid both preferentially settles on young branches and kills the tree’s buds, it 

can severely stunt the tree’s ability to produce new growth (McClure 1991). Major branches 

begin to die from the bottom of the tree up. An infested eastern or Carolina hemlock either 

dies or is weakened and left more susceptible to other diseases and stresses (Havill et al. 

2011). However, surviving trees are presumably less susceptible to adelgids (Caswell et al. 

2008). 

In the eastern United States, the range of Adelges tsugae corresponds largely with the 

range of T. canadensis. It has not fully spread to the northern and western parts of the range, 

currently occupying over half of the range of T. canadensis in 18 states (Havill et al. 2011). 

Adelges tsugae is capable of infesting new areas at an estimated rate of 10-15 miles per year 

(Yorks et al. 2000). However, the northern range of A. tsugae is limited, as it is unable to 

tolerate very cold winter temperatures (Ward et al. 2004). Factors such as cold winter 
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temperatures, reduced tree health, and drought can cause fluctuations in adelgid population 

density (Cheah et al. 2004). However, it is possible that A. tsugae will develop cold 

hardiness, allowing it to spread northward into Canada, or that climate change may allow it 

to extend its range (Lemieux et al. 2011).  

So far, A. tsugae has had a destructive effect on these two species of hemlock. It has 

had a broad negative effect on ecosystems, altering the composition and characteristics of 

previously hemlock-dominated forests. Within the forest ecosystem, nutrient cycles, 

hydrologic processes, soil characteristics, wildlife assemblages, and fish and aquatic 

invertebrate community structure are likely to be affected by hemlock mortality (Orwig and 

Foster 1998, Jenkins et al. 1999, Brooks 2001, Kizlinski et al. 2002, Snyder et al. 2002, Ford 

and Vose 2007, Becker et al. 2008, Allen et al. 2009). 

From an assessment in 1998, T. caroliniana was categorized as ―near threatened‖ on 

the IUCN Red List. Currently, Carolina hemlock has a G3 global conservation priority rank 

(List, IUCN Red 2011). Perhaps because of its possible closer relationship to the resistant 

Asian hemlocks, T. caroliniana seems somewhat less susceptible to the hemlock woolly 

adelgid than is T. canadensis. Counting the number of adelgids feeding on hemlock trees 

reveals that the adelgids seem to settle less on T. caroliniana, perhaps preferring to settle on 

T. canadensis (Jetton et al. 2008c). Although T. caroliniana shows less susceptibility to A. 

tsugae than does T. canadensis, the small size of its range and isolation of its populations 

may mean the species is at overall higher risk from the adelgid (Havill et al. 2011).  
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Conservation 

There have been a variety of efforts to control A. tsugae and minimize its impact. 

Silvicultural methods, chemical controls, and biological controls have been applied to the 

task. In the case of A. tsugae, silvicultural methods are mostly preventative, focused on 

limiting the further dispersal of the adelgid. Faulkenberry et al. (2009) examined the 

correlation between hemlock susceptibility to A. tsugae attack and a variety of characteristics 

of the site and stand; the study found that the primary determinant of susceptibility was the 

stand’s closeness to an existing infestation.  

Adelgid crawlers and eggs can be passively dispersed by humans, animals or wind 

(Havill and Foottit 2007). Human activities such as logging or hiking can be responsible for 

dispersal. Educating and encouraging hikers to clean cars and clothing before traveling 

between different forested areas can help prevent human-mediated dispersal. In addition, 

large infected trees can act as reservoirs, spreading adelgids through wind dispersal (McClure 

1990). Selectively removing these reservoir trees is another method of limiting hemlock 

woolly adelgid dispersal. 

Biological control approaches hold promising potential for controlling A. tsugae. 

Unfortunately, predators of A. tsugae that are native to the eastern United States, such as 

Laricobius rubidus Lec., do not significantly control A. tsugae populations (Montgomery and 

Lyon 1995, Wallace and Hain 2000). However, a number of exotic species have already been 

introduced for that purpose. Several predators that have already been released include the 
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Japanese coccinelid beetle Sasajiscymnus tsugae (Sasaji and McClure), Laricobius nigrinus 

Fender, and Chinese coccinelids from the genus Scymnus (Salom et al. 2008).  

Unfortunately, the efficacy of Sasajiscymnus tsugae is questionable, and it has had 

trouble establishing populations (Salom et al. 2008). Laricobius nigrinus has been observed 

to reduce adelgid density, but so far not to a sufficient extent to protect hemlocks from 

detrimental effects (Mausel et al. 2008). In addition, each of these species have affinities for 

different environments and climates. Thus, the separate, adopted ranges of these species do 

not fully encompass the range of A. tsugae; a complex of various predator species will likely 

be necessary to cover the entire distribution of A. tsugae. Currently, the search for an 

effective predator of A. tsugae in western North America, China, and Japan is still ongoing, 

and various candidate species are being assessed (Salom et al. 2008, Mausel et al. 2010).  

Chemical controls can effectively kill A. tsugae. They are applied through spraying 

insecticidal soaps or horticultural oils onto the foliage, or injecting chemical insecticides such 

as imidacloprid directly into the trunk or soil (Cheah et al. 2004). However, this technique is 

not ecologically, economically, or logistically feasible in natural forests. It disrupts other 

aspects of the ecosystem, such as non-target soil and aquatic organisms, it cannot be carried 

out effectively over a wide range, and the treatment must be repeated at intervals for long-

term effectiveness (McClure. 1991, Cowles 2008). In addition, application of insecticide, 

though effective in killing the adelgid, can promote higher numbers of other pests such as 

spider mites and scales (Cheah et al. 2004).   
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  Hybridizing the susceptible hemlock species with adelgid-resistant Asian hemlocks is 

another potential solution (Bentz et al. 2008). So far, this has been more successful with T. 

caroliniana than with T. canadensis, perhaps because Carolina hemlock appears to be more 

closely related to the Asian hemlock species, and is thus more genetically compatible (Havill 

et al. 2011). It is quite difficult to hybridize T. canadensis with Asian species such as Tsuga 

chinensis (Franch.) Pritz. or Tsuga diversifolia (Maxim.) Mast.. Pooler et al. (2002), after six 

years of controlled cross-pollination within the genus Tsuga, used AFLPs and other 

molecular markers to identify hybrids. No hybrids were found between T. canadensis and T. 

chinensis. In contrast, Pooler et al. found 58 hybrids between T. caroliniana and T. chinensis.  

By cross-breeding Carolina hemlock with Asian hemlock, the offspring would 

presumably acquire the Asian hemlock’s genetic resistance to A. tsugae. Tsuga chinensis is 

highly resistant to adelgids, and thus a good candidate for hybridization (Montgomery et al. 

2009). Subsequently back-crossing the hybrid offspring with Carolina hemlock repeatedly 

would eventually result in a tree that is genetically mostly Carolina hemlock, with a small 

fraction of Asian hemlock genetic composition. Montgomery et al. (2009) found that T. 

chinensis hybrids with T. caroliniana and T. canadensis showed increased adelgid resistance: 

the adelgids preferred not to settle on the hybrids as much, and did not survive and grow as 

readily on them.  

The same strategy of backcross breeding was applied to Castanea dentata (Marsh.) 

Bork. (American chestnut) in order to instill resistance to Cryphonectria parasitica (Murrill) 

Barr. (chestnut blight). Castanea dentata was crossed with the blight-resistant Castanea 
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mollissima Blume (Chinese chestnut). After three generations of backcross breeding this 

offspring with Castanea dentata, the hybrids had largely regained the characteristics of 

American chestnut. However, it is not yet certain whether the trees are adequately resistant to 

the blight (Diskin et al. 2006).  

Another method of increasing the resistance of T. caroliniana and T. canadensis to 

HWA is to examine the characteristics and circumstances of individual trees that may 

possess innate resistance. Occasionally, a relatively unscathed hemlock tree will be found in 

a stand decimated by A. tsugae (Caswell et al. 2008, Onken and Keena 2008). Taking 

cuttings from these trees and vegetatively propagating them allows us to investigate the 

possibility of innate resistance. No eastern hemlock individuals have yet been demonstrated 

to be innately resistant to A. tsugae. In the case of Carolina hemlocks, which are not quite as 

susceptible to the adelgid (Jetton et al. 2008c), we are still interested in investigating trees 

that appear to be comparatively more resistant than the rest.  

Ex situ conservation methods transfer germplasm from its source to other, safer 

locations for the species. Germplasm can be stored as seed collections, or as trees in nurseries 

or plantations. These strategies aim to preserve not only physical specimens, but also the 

species’ genetic diversity (Tighe et al. 2005). Thus, ex situ approaches can be used to aid 

restoration, after a suitable way to control A. tsugae has been discovered or developed. 

Storage of germplasm is also a safeguard against the dire possibility of failing to discover an 

effective control for A. tsugae in the United States before the species is extirpated from its 

natural range.   
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The U.S. Forest Service, NCSU, and Camcore (an international tree breeding and 

conservation program) are collaborating to establish several conservation plantings inside 

and outside of the natural range of T. caroliniana. Suitable locations for plantings are 

adelgid-free areas with suitable weather, climate, and soil conditions for Carolina hemlock. 

The FloraMap™ climate model was used to find several areas with suitable climate for T. 

caroliniana: central Chile, southern Brazil, and the Ozark mountains in the United States 

were identified (Jetton et al. 2008a). Tsuga caroliniana seedlings are first grown in nurseries 

in these locations, eventually to be transferred to plantation sites (Jetton et al. 2008b). Since 

2010, Carolina hemlock conservation banks have been initiated in Chile, Brazil and North 

Carolina, and more plantings are being planned for the same locations (Jetton et al. 2010). In 

the future, these plantations can provide a source of plants for reintroduction and 

repopulation.  

Long-term storage of seeds through cold storage has also been carried out: Camcore 

has collected seeds from 134 Carolina hemlock trees out of 19 populations (Camcore 2012). 

Seeds have been placed in cold storage repositories in Raleigh, NC, and Fort Collins, CO at 

the USDA ARS National Germplasm Repository (http://www.camcore.org/projects/). 

However, the unpredictable seed cycles and cone ripening rates of T. caroliniana can make it 

difficult to collect high volumes of high quality seeds (Jetton et al. 2010).  

In order for these ex situ methods to be maximally successful, the trees and seeds that 

are preserved should maximally capture the genetic diversity of the current populations, to 

prevent the gene pool from shrinking dangerously. Genetic diversity is vital to the genetic 

http://www.camcore.org/projects/
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health of a population. Declining genetic diversity leads to lowered heterozygosity and 

greater inbreeding, and can amplify the effects of genetic drift. Inbreeding can unmask 

deleterious recessive alleles, which have a greater chance of becoming fixed in small 

populations through genetic drift; genetic load refers to the amount of these fixed deleterious 

alleles a population carries. With low diversity, populations can suffer reduced fitness from 

inbreeding and genetic load, and a reduced ability to adapt to changing environmental 

conditions (Eriksson et al. 1993, Beebee and Rowe 2008). In general, conifers tend to be 

more prone to inbreeding depression and high genetic load, especially if their populations are 

isolated (Marquardt and Epperson 2004). Due to the rapid spread and damage dealt by A. 

tsugae, preserving the remaining genetic pool of Carolina hemlock through ex situ methods is 

an urgent task (Tighe et al. 2005).  

It is vital to understand the genetic structure of T. caroliniana populations, so that we 

can comprehend how the genetic variation is distributed across its range, in order to 

effectively preserve the gene pool. For example, it is necessary to know the representative 

number of alleles that would be able to encapsulate the species’ gene pool, so that we can 

ensure that sufficient samples from enough populations are collected (Eriksson et al. 1993). 

For instance, with regards to Pinus tecunumanii (Schw.) Eguiluz and Perry, 6-10 trees should 

be sampled per population to conserve alleles with frequencies of 5% or greater (Dvorak et 

al. 1999). Overall, based on conservation genetics studies of other conifers with low to 

moderate diversity, it seems that sampling 10-20 trees per population and 6-8 populations 

throughout the range should effectively capture the majority of alleles that have a frequency 
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of 5% or greater (Dvorak et al. 1999).  

Information about population genetic structure also allows us to identify which 

populations to prioritize for collections for ex situ conservation, such as populations with the 

highest genetic diversity and those possessing unique alleles (Potter et al. 2010). The 

probable locations of glacial refugia can be deduced by examining the areas of the species’ 

range which are richest in genetic diversity. This information would also enable us to identify 

the populations which should be prioritized for in situ protection methods that cannot be 

carried out on large scales. Knowledge of the relative levels of heterozygosity, allelic 

richness, and overall genetic diversity of T. caroliniana may also allow us to better estimate 

the urgency and risk of the situation (Lemieux et al. 2011).  

Molecular Markers 

In order to reveal the population genetic structure of T. caroliniana, different 

molecular markers can be utilized. A study by Potter et al. (2010) used amplified fragment 

length polymorphism (AFLP) markers. The findings of the study were that T. caroliniana has 

a medium level of overall genetic diversity for a conifer, and a high level of genetic 

differentiation between populations. A number of populations which had the highest genetic 

diversity were contained in the southern and eastern parts of the range. Also, the results 

suggested that recent seed collections may have already sufficiently preserved the gene pool 

of T. caroliniana. However, the AFLP markers were unable to show the genetic structure in 

as much detail as desired. Unfortunately, the study was unable to elucidate important 
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measures such as levels of inbreeding, within and among population genetic variation, or 

numbers and location of rare alleles.  

Using microsatellite markers to investigate the genetic structure and variation of 

Carolina hemlock has the potential to be more informative than AFLP markers. 

Microsatellites, or SSRs (simple sequence repeats) are tandem repeats of 1-6 DNA base pairs 

in length (Kalia et al. 2011). They are single-locus, co-dominant markers with a number of 

advantages: they are PCR-based, which allows small amounts of DNA to be used. They are 

highly polymorphic and usually more variable than other genetic markers. Also, they are 

very abundant in eukaryotic genomes, and have good transferability between studies, because 

primers developed for one species can be applied to related taxa (Bruford and Wayne 1993, 

Echt et al. 1999, Kalia et al. 2011). In contrast, AFLP markers are dominant, meaning they 

cannot distinguish between heterozygotes and homozygotes, and are thus less informative 

than co-dominant markers. They are also multi-locus markers, which have fewer options for 

statistical analysis than do single locus markers (Beebee and Rowe 2008).  

One downside is that development of microsatellite markers can be expensive, time-

consuming, and technically demanding—particularly with conifers, which have large, 

repetitive genomes with a relatively low proportion of SSRs (Echt et al. 1999). Recently, the 

Southern Institute of Forest Genetics, Camcore, the University of Georgia, and the Christmas 

Tree Genetics Program at NCSU worked together to isolate and characterize a number of 

microsatellite loci for both eastern hemlock and Carolina hemlock. For T. caroliniana, 31 

dinucleotide and trinucleotide marker loci were developed, 16 of which were transferable to 
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other Tsuga species (Josserand et al. 2008). For T. canadensis, 15 microsatellite markers 

were developed, 8 of which were transferable to other Tsuga species (Shamblin et al. 2008).  

Also, Amarasinghe et al (2002) developed and reported 12 informative polymorphic 

microsatellite loci for Tsuga heterophylla (Raf.) Sarg. (western hemlock).  

Successful microsatellite studies have been performed with a variety of tree species, 

including Tectona grandis Linn. f (Verhaegen et al. 2010). Many studies have applied 

microsatellite markers to understanding the genetic structure and diversity of conifers such as 

Pinus oocarpa Schiede (Dvorak et al. 2009), Fraser fir (Abies fraseri (Pursh) Poir.) (Potter et 

al. 2008), T. canadensis (Potter et al. 2012) and white pine, (Pinus strobus L.) (Marquardt 

and Epperson 2004).  

Dvorak et al. (2009) used 11 microsatellite markers to examine the genetic structure 

and variation in 51 natural populations of Pinus oocarpa. The study discovered that the 

genetic diversity of P. oocarpa was above average or average for a conifer. A high level of 

inbreeding was detected, and the data was able to resolve four genetic clusters of P. oocarpa 

and generate measures of historic gene flow between them. Two separate centers of diversity 

were identified. However, no correlation between genetic diversity and resistance to pitch 

canker fungus was evident. The use of microsatellite markers in this study was successful 

and quite informative.  

Potter et al. (2008) likewise investigated the genetic variation and structure of a 

conifer species, Abies fraseri, using microsatellite markers. Similar to T. caroliniana, the 
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populations of A. fraseri are small and isolated from each other. This study applied 8 

microsatellite markers to discern the genetic variation and structuring of these fragmented 

populations. They discovered a high degree of inbreeding, and relatively low genetic 

differentiation across populations; the genetic differences were associated with latitude and 

geographic distance. In a separate study, microsatellite markers were able to show that there 

is little genetic differentiation between Abies fraseri and Abies balsamea, which suggests that 

A. fraseri may be better classified as a variety of A. balsamea (L.) Mill., rather than a distinct 

species (Potter et al. 2010b).  

Marquardt and Epperson (2004) examined the spatial genetic structure and diversity 

of white pine, Pinus strobus, using 7 microsatellite loci. They were able to effectively 

determine high genetic diversity and low inbreeding within the populations of interest, and a 

low level of differentiation. In addition, they were able to compare the spatial structuring 

between old-growth and second-growth populations, which yielded the possible conclusion 

that logging may have decreased spatial genetic structuring. A silvicultural study by Hawley 

et al. (2005) on eastern hemlock found that selective cutting of individual trees in a 

population influenced the genetic structuring and levels of diversity observed. For instance, 

the frequency of rare alleles was altered in stands where certain types of trees were 

selectively removed.  

In addition to various aspects of genetic structure and diversity, a microsatellite 

marker study could be used to answer other questions. For example, it could allow us to 

determine the genetic origins of planted T. caroliniana populations. In 2010, Verhaegen et al. 
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used 15 microsatellite markers to answer the same question about teak, Tectona grandis L. 

The study compared 17 natural-range provenances of Tectona grandis with 22 introduced 

provenances to discover the genetic origins of introduced African and Indonesian teak. The 

data was able to trace the origins of almost 95% of the teak landraces in most of the African 

provenances to North India, and show that 96% of Indonesian and Ghanan teak was closely 

related to populations in Central Laos.  

Hypotheses 

There are a number of things that we can hypothesize might be discovered about the 

genetic variation and structure of Carolina hemlock. Since the populations of Carolina 

hemlock tend to be isolated, there is little gene flow between most of them. Thus, it is 

probable that a given population could harbor unique alleles not found in the other 

populations. Isolated populations of eastern hemlock showed less genetic diversity, but some 

were more genetically differentiated, with a higher frequency of rare alleles (Potter et al. 

2008b; Potter et al. 2012).  

Lemieux et al. (2011) used chloroplast DNA markers to analyze the genetic structure 

of T. canadensis populations, and found greater allelic richness and population differentiation 

in southeastern Appalachian populations. An allozyme study of T. canadensis suggested that 

greater diversity is found in populations located in the Appalachian interior and the eastern 

edge of its range (Potter et al. 2008b). However, Potter et al. (2012), using microsatellite 

markers, found that eastern hemlock populations showed moderate levels of inbreeding, but 
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did not exhibit higher overall variation in the southern part of its range, contrary to 

expectation. High levels of diversity were found in the southern Appalachians, but high 

diversity was also found in more northerly regions such as New England. 

These studies point to the conclusion that ancient glacial refugia of T. canadensis may 

have been located in the southeastern Appalachians. Glaciation during the Pleistocene, 2.6 

million-12,000 years ago, would have left certain protected pockets (refugia) of hemlocks, 

from which the species would later have expanded into its current distribution between 

12,000 and 2,000 years ago (Shamblin et al. 2008). These locations would potentially be 

centers of genetic diversity, populations we should prioritize for conservation. It is likely that 

Carolina hemlock populations would mirror the patterns shown by Eastern hemlock, since 

they would presumably have undergone the same history of Pleistocene glaciations and have 

had glacial refugia in the same areas. However, since Carolina hemlock’s distribution is 

much smaller, the effects might not be as apparent.  An AFLP study of T. caroliniana did 

show greater diversity in populations at the southern and eastern parts of the range (Potter et 

al. 2010).  

To conclude, molecular markers are the best tool to help us understand the genetic 

structure and variation of T. caroliniana populations. This is a necessary and urgent task, if 

we are to protect the populations of this threatened rare species—not only physically, but 

genetically. Investigating Carolina hemlock genetic structure using microsatellite markers 

should provide us with ample useful information about the population genetics of this 

species, a valuable component of the Appalachian forests of the Southeastern United States. 
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In this study, we hope to discover how the genetic diversity of Carolina hemlock is structured 

throughout its range. Namely, we aim to uncover the presence and numbers of rare alleles, 

identify which populations have the highest genetic diversity and levels of inbreeding, and 

compare the within and among population genetic variation, the levels of genetic 

differentiation between populations. 
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CHAPTER 2 

Assessing Carolina hemlock (Tsuga caroliniana Engelm.) population genetic structure 

and diversity in the southern Appalachians using microsatellite markers.  

 

INTRODUCTION 

  Carolina hemlock (Tsuga caroliniana Engelm.) is a rare conifer with a limited 

geographic range within the Appalachian mountains. It occurs in North Carolina, South 

Carolina, Tennessee, Virginia, and Georgia. An additional population has been identified at 

Ritchie Ledges in Cuyahoga Valley National Park, Ohio, but it is unclear whether it is 

planted or natural. Its populations tend to be small and isolated from each other, often 

occurring on exposed rocky outcrops at high elevations (Humphrey et al. 1989; Jetton et al. 

2008). Carolina hemlock is a slow-growing, stress-tolerant and late-successional species, and 

can often be found in pure stands. Carolina hemlock prefers well-drained soils with acidic to 

neutral pH and sandy clay loam texture (Coladonato, 1993; Rentch et al. 2000), but it has 

been demonstrated to grow on a greater variety of soil types and conditions than previously 

thought (Jetton et al. 2008).  

 Carolina hemlock and Eastern hemlock (Tsuga canadensis (L.) Carr.), the only two 

species of hemlock in the Eastern United States, are both under threat from the hemlock 

woolly adelgid (Adelges tsugae Annand). An invasive pest introduced from Japan in 1951, 

the hemlock woolly adelgid (HWA) is the cause of significant, widespread mortality in both 

species of hemlock. Once infested with HWA, Carolina hemlock trees can die in as little as 
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two to four years, though some trees have survived infestation for more than ten years (Havill 

et al. 2011). However, Carolina hemlock seems less susceptible to the hemlock woolly 

adelgid (HWA) than Eastern hemlock (Jetton et al. 2008b). On the other hand, Eastern 

hemlock is vastly more widespread and has a much larger range than Carolina hemlock. 

Therefore, Carolina hemlock may be at greater risk from the HWA due to its limited range 

and small, isolated populations (Havill et al. 2011).  

 It is important to prevent the extirpation of hemlock populations. Not only is the 

existence of the species under threat, but hemlock mortality can impact the ecosystem in 

various ways. It is probable that loss of hemlocks will result in potentially drastic changes to 

forest community structure, understory composition, microclimate, and soil pH (Coladonato 

1993; Quimby 1996; Orwig and Foster 1998; Yorks et al. 2000).  

 There are various strategies currently in development for the preservation of 

hemlocks and the control of the HWA. Ex situ conservation, silvicultural methods, chemical 

controls, backcross breeding and biological control are strategies being investigated. 

Biological methods, such as releasing predatory non-native beetles to keep the HWA in 

check, are not yet feasible for widespread control (Salom et al. 2008). Chemical controls, 

such as treating trees with the systemic neonicitinoid insecticide imidacloprid, are able to 

effectively eliminate an infestation of HWA. However, it is not feasible to continually 

maintain chemical controls over the entire range of the species (McClure 1991; Cheah et al. 

2004). Silvicultural methods involve strategies such as removing 'reservoir' trees that are 
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likely to spread HWA. These methods are more effective for slowing the spread of the HWA, 

but not halting or reversing it (McClure 1990).  

 Backcross breeding of Carolina hemlock with adelgid-resistant species of Asian 

hemlock such as Tsuga chinensis is another strategy in development. Since Carolina hemlock 

is probably more closely related to Asian hemlocks than Eastern hemlock is, it is more likely 

to hybridize successfully with species that are more likely to be resistant to HWA (Havill et 

al. 2008). Montgomery et al. (2009) produced several hybrids, and were able to show that 

hybrids of T. chinesis with T. caroliniana and T. canadensis were more resistant to HWA.  

Breeding hybrids in order to create adelgid-resistant hemlocks is a potential future solution to 

save the species from the threat of HWA (Bentz et al. 2008).  

 Though a variety of strategies are in development and may eventually be able to 

resolve the threat of HWA, we have to act now in order to conserve the genetic diversity of 

the species. Though HWA has not spread throughout the entire range of Eastern hemlock, its 

distribution does cover the entire range of Carolina hemlock. Out of the twenty-nine 

populations sampled in this study, HWA was present in twenty-seven (Table 1).   

 Ex situ methods of conservation include protected plantings and cold storage of seeds. 

These measures guard against cases in which HWA is not successfully controlled in time. 

With plantations of Carolina hemlock established in adelgid-free locations, it is possible to 

preserve the trees for later reintroduction. Seeds have been stored in seed banks as well, for 

the same purpose (Tighe et al. 2005, Jetton et al. 2010).  
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 Preserving the physical trees is not the only concern; the genetic diversity of the 

species must be preserved as well. In order for a species to be adaptable, and genetically 

healthy, it is necessary for it to maintain genetic diversity. Low genetic diversity can manifest 

as inbreeding depression, high genetic load, and low adaptability. It is necessary to collect 

and preserve seeds and trees which capture as much of the variation and diversity of the 

species as possible. In order to do this, a good understanding of  the genetic structure of the 

populations of Carolina hemlock is necessary (Eriksson et al. 1993). 

 Currently, not enough is known about the population genetic structure and diversity 

of Carolina hemlock. Potter et al. (2010) used AFLP markers to investigate the genetic 

structure of Carolina hemlock. The study was able to discover some relevant information, but 

not as much as desired. It is reasonable to expect that using microsatellite markers will reveal 

more information about the genetic structure of Carolina hemlock than AFLP markers. They 

are codominant, highly polymorphic, and highly variable markers (Bruford and Wayne 1993, 

Echt et al. 1999, Kalia et al. 2011).  

  There are a number of hypotheses we can draw from our existing knowledge of the 

species and the existing study (Potter et al. 2010). Since the populations are small and 

isolated from each other, there is likely very little gene flow and they may be highly 

differentiated from each other. It is expected that there will be low values of inter-population 

gene flow (Nm) and high values of among population differentiation (FST). If populations are 

isolated for an extended period, then it is possible that private alleles may exist in many of 

the populations. It is unlikely that there is Hardy Weinberg equilibrium within or among 
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populations. They are possibly inbred, with relatively low values of genetic diversity. Values 

for the within-population inbreeding coefficient (FIS) will possibly be above zero, indicating 

the presence of inbreeding. Low values for percent polymorphism and heterozygosity may be 

found within populations, indicating low genetic diversity levels. It is possible that there is a 

correlation between diversity and location. Potter et al. (2010) suggests that the southern and 

eastern part of the range may contain more genetic diversity.  

 The objectives of this study are to obtain a clear picture of the population genetic 

structure of Carolina hemlock, as well as the numbers and locations of rare alleles, values for 

levels of inbreeding, differentiation, and diversity. Due to the geographic separation and 

small size of Carolina hemlock populations and the knowledge we have gleaned from former 

studies, it is expected that the microsatellite data will also reveal interpopulation genetic 

isolation and inbreeding of Carolina hemlock. Greater genetic diversity is also expected from 

populations located in the southeastern part of the range. 

MATERIALS AND METHODS 

Sample collection and DNA extraction 

 Twenty-nine populations of Carolina hemlock were sampled throughout the 

geographic range of the species (Figure 1; Table 1). Up to 20 trees from each population 

were sampled, yielding 439 different trees to be analyzed in the study. The majority of the 

samples were collected during the summer of 2013, but 34 samples from two populations 

were collected during the fall of 2013. This is the most extensive and thorough sampling of 

Carolina hemlock that has been done so far, and most of the known populations were 
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sampled. From each tree sampled, four 6-inch branch tips (one from each cardinal direction 

on the tree) were cut and bagged.   

 Twenty trees per population were sampled where possible, but some populations were 

too small to do so. In those cases, as many trees as possible were sampled. A distance of at 

least 50 meters was maintained between sampled trees. This distance was necessary to reduce 

the likelihood of sampling neighbors that are more likely to be closely related due to short-

distance seed dispersal (Brown and Hardner, 2000).  

 Most of the populations were natural populations, however a few populations that 

were probably planted were also sampled. The population at Biltmore Estate was planted, the 

population at Cuyahoga Valley may or may not be planted, and several samples from the 

Carl Sandburg Home National Historical Site were likely planted.  

 The foliage samples were kept cold and shipped to the USDA Forest Service 

Southern Institute of Forest Genetics in Saucier, MS, where they were frozen and then later 

thawed for DNA extraction. The Qiagen DNeasy 96 Plant kit (Qiagen, Chatsworth, 

California, USA) was used to extract DNA from the foliage samples. The extracted DNA 

was then quantified using a NanoDrop.    

Microsatellite Development and Analysis 

 Development of microsatellite markers for Carolina hemlock and Eastern hemlock 

had been completed previously. Josserand et al. (2008) details the process of isolating and 

characterizing these markers: 31 dinucleotide and trinucleotide markers for Carolina hemlock 

were developed, as well as 15 markers for eastern hemlock (Shamblin et al. 2008). 
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 All of the Carolina hemlock markers and some of the Eastern hemlock markers were 

screened using a diverse subset of the data collected for this study. Using this test, a panel of 

informative, polymorphic, and easy-to-score markers was selected from the pool of Carolina 

hemlock and eastern hemlock markers. These loci are detailed in Table 2. Sixteen markers, 

all from Carolina hemlock, ended up being utilized in the study. 

 The DNA extracted from the foliage samples was diluted, and amplified. Dilutions 

were prepared from the samples at a concentration of 5 nanograms of DNA per microliter, in 

low TE buffer. The DNA was dried onto 96-well PCR plates. Klear Taq KBiosiences, 

Invitrogen 10x PCR buffer, MgCl2, and dNTP was added to the plates, as well as the 

appropriate dyes and primers. These plates were placed on thermocyclers in order to amplify 

the DNA through PCR reactions. Two different control samples and a blank well were 

included with every 96-well plate. 

 Once the amplification was complete, ABI plates were prepared with a 1:10 dilution 

of the PCR product, Hi-dye formamide, and 600 LIZ size standard. These plates were run on 

an ABI Biosystems 3130 DNA analyzer. The marker data were scored using GeneMapper.  

Data Analysis 

 The data were exported from GeneMapper as genotypes tables. Using Microsoft 

Excel 2007, the data were organized in an appropriate format for analysis by GenAlEx 6.501 

(Peakall and Smouse 2006; Peakall and Smouse 2012). GenAlEx 6.501 was used to export 

the data in formats appropriate for the other programs used. GenAlEx 6.501, GENEPOP 4.2, 

STRUCTURE 2.3.4, CLUMPP 1.1.2, Micro-Checker 2.2.3, SAS 9.4, FSTAT 2.9.3.2, 
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PHYLIP 3.695 and FreeNA were used to analyze the data for various measures and statistics 

of genetic diversity and population structure. 

 Hardy Weinberg exact tests were performed using GENEPOP 4.2 (Raymond and 

Rousset 1995) to determine if each locus and population met the assumptions of Hardy 

Weinberg equilibrium. FSTAT 2.3.9.2 (Goudet 1995) was used to test for linkage 

disequilibrium between loci. FSTAT 2.3.9.2 was also used to obtain values for Weir and 

Cockerham F-statistics (Weir and Cockerham 1984). FSTAT yielded values for Weir and 

Cockerham's estimates of the within-population inbreeding coefficient (FIS) across loci and 

overall, and among population differentiation (FST) across loci and overall. FSTAT also 

tested for Hardy Weinberg equilibrium.  

 Micro-Checker 2.2.3 (Van Oosterhout et al. 2006) was used to estimate null allele 

frequencies in case the analyses should need to be adjusted for null alleles. In addition to 

Micro-Checker, FreeNA (Chapuis and Estoup 2007) was used to test for the presence of null 

alleles. The program was run with 50,000 replicates. It was used to obtain a matrix of 

Cavalli-Sforza chord distances, as well as adjusted and unadjusted values for FST. Inter-

population gene flow (Nm) corrected for sample size was estimated using GENEPOP 4.2. 

GENEPOP also yielded a value for mean frequency of private alleles.  

 The Isolation by Distance 1.52 (IBD) software package (Bohonak 2002) was used to 

perform a Mantel test on the data, in order to assess whether there was a significant 

correlation between genetic distance and geographic distance.  
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 GenAlEx 6.501 was used to obtain a list of private alleles present in each population. 

It was also used to obtain allele frequencies, observed and expected heterozygosities, and 

percent polymorphic loci in each population. The number of alleles per locus, the number of 

effective alleles per locus, and F-statistics for each locus were also obtained from GenAlEx. 

An AMOVA with 999 permutations was performed in GenAlEx as well.   

 SAS 9.4 (SAS Institute Inc. 2008) was used to test for correlations between the 

diversity statistics and the population characteristics latitude, longitude, and elevation. The 

data was analyzed using the UNIVARIATE procedure in SAS, which revealed that several of 

the variables did not meet the assumptions of normality (latitude, longitude, polymorphism, 

and private alleles). Thus, the CORR procedure was used to test for Spearman correlations 

involving these nonparametric variables, and Pearson correlations between the parametric 

variables. Two sets of data were tested: the full dataset, and the data set with all trees except 

the ones which were thought to be planted (all of Biltmore and three from Carl Sandburg). In 

addition, populations with less than 5 samples were removed from both datasets. 

 Bayesian assignment tests are a useful method of detecting population genetic 

structure.  STRUCTURE 2.3.4 is a model-based Bayesian clustering method that analyzes 

marker-based genotypes for each individual tree. It is used to determine the number and 

composition of genetic clusters that best describe the population structure (Pritchard et al. 

2000). STRUCTURE 2.3.4 was run using the admixture model, with a burn in length of 

20,000 replicates and 50,000 MCMC replicates after burn in. Sample locations were used as 
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prior information. Including sample locations in the analysis aids in the detection of clusters, 

especially when less data are available (Hubisz et al. 2009).  

 With this parameter set, STRUCTURE was run for K=1-10, with 20 iterations per 

value of K. This yielded values for Ln P(D), the estimated probability of K. With this 

information, the ΔK method was used to infer the most likely value for K (Evanno et al. 

2005). The best K was shown to be 3, with a clear peak in ΔK at K=3 (Figure 1). This 

indicates that 3 is the most probable number of genetic clusters. A run at K=3 was conducted 

at 20 iterations, and this data was imported into CLUMPP 1.1.2 (Jakobsson and Rosenberg 

2007) to generate an averaged Q matrix of individual posterior cluster probabilities. 

CLUMPP 1.1.2 and ArcMap 10.1 (ESRI 2012) were used to generate a map showing the 

distribution of the clusters throughout the range of Carolina hemlock (Figure 2). 

 A phylogram was developed using the neighbor-joining method, in order to show 

likely evolutionary relationships between the sampled populations of Carolina hemlock 

(Figure 3). The neighbor joining algorithm is a preferred method of obtaining a parsimonious 

phylogram with branch lengths. It has been shown to be superior to various other tree-

making methods (Saitou and Nei, 1987). PHYLIP 3.695  (Felsenstein 2005) was used to 

generate a neighbor-joining tree using the allele frequencies calculated by GenAlEx 6.501. 

The SEQBOOT, GENDIST, NEIGHBOR, and CONSENSE elements were used to create the 

tree. Bootstrapping was employed with 10,000 replicates.   

RESULTS 

GenePop and FSTAT Analyses 
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 The results by population of the Hardy-Weinberg exact tests showed a highly 

significant p-value for all loci and the majority of the populations, evidence that they are out 

of Hardy Weinberg Equilibrium. Out of the 29 populations, all except for Mount Jefferson 

and Dragon's Tooth appear to be out of Hardy Weinberg equilibrium. This is not surprising, 

as populations of Carolina hemlock tend to be small, and isolated. In addition, twenty-one 

pairs of loci met the p-value for genetic disequilibrium (Table 3).  

 Other results of the FSTAT analysis, the Weir and Cockerham F-statistics, are shown 

in Table 4. The values for FIS are all above zero, and most are relatively high, indicating the 

presence of inbreeding, and often a significant level of inbreeding.  

Microchecker and FreeNA Analyses 

 The results of the Micro-Checker analysis are shown in Table 2: the Brookfield 

(1996) estimates for null allele frequencies are given. The results of this analysis can affect 

how the rest of the data analyses are conducted. It is not uncommon to drop loci with high 

values for null allele frequency (above 20%), and to adjust other analyses to take null alleles 

into account. Though the Micro-Checker analysis of the data estimated null allele frequencies 

of over 0.2 for 11 of the 16 loci, it is unlikely that this estimate is actually due to the presence 

of null alleles. It would be highly unusual for null alleles to occur in so many of the loci, so 

these values are probably due to a more pervasive factor such as homozygote excess, small 

isolated populations, or inbreeding. Also, these markers are all developed from the target 

species, which reduces the likelihood of null alleles. Therefore, the data analyses were not 

adjusted for null alleles.  
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 FreeNA yielded values for Cavalli-Sforza chord distances, unadjusted for null alleles. 

A table of the average distances for each population is shown (Table 5). Pairwise FST values 

between each pair of populations were obtained using GenAlEx. FreeNA also yielded values 

for FST over all loci. Both unadjusted and adjusted FST values were obtained, but the FST 

value adjusted for null alleles using the ENA correction was not much different from the 

unadjusted FST value. The adjusted FST = 0.477, while the unadjusted FST = 0.497. The FST 

values and the Cavalli-Sforza chord distances show a high level of genetic differentiation 

between nearly all of the populations. The IBD analysis yielded an r value of -0.0272 and a 

p-value of 0.6950, indicating that the correlation of genetic and geographic distance was not 

significant.  

GenAlEx Analyses 

 Table 6 shows a number of diversity statistics obtained from the GenAlEx analyses. 

Private alleles were present in many of the populations, and many had multiple private 

alleles. The number of private alleles present ranged from 1 to 5. Comparing observed and 

expected heterozygosity values again demonstrates the presence of heterozygote deficiency. 

The AMOVA revealed 48% variance among populations and 52% variance within 

populations (Figure 10). The value obtained for Nm corrected for population size was 0.9116, 

or less than one migrant per generation. This estimate of gene flow, taking population size into 

account, is very low. The numbers of private alleles (Table 6) also indicate that populations 

are isolated from each other. 

SAS Analysis 



42 

 

 

 

 

  These genetic diversity statistics were tested to see if they correlated with 

latitude, longitude, or elevation. The SAS analyses showed no statistically significant 

correlations between any of these variables (Table 7). The dataset was tested with the full set 

of data and with the smallest populations (Kelsey Tract, Tallulah, Whitewater Falls and 

Whiteside Mountain, all having 4 samples or fewer) removed. The dataset was tested with 

planted trees included and excluded. No tests showed any significant correlations.  

STRUCTURE and PHYLIP Analysis 

 The STRUCTURE analysis inferred a population structure composed of three distinct 

genetic clusters. Figure one shows the clear peak at K=3, when the ΔK method was used. 

The composition and distribution of these three genetic clusters is shown in Figure 1. One 

cluster (pool 2, shown in red) dominates the northern part of the range. The other two clusters 

are mixed throughout the southern part of the range, though it appears that pool 3 (green) is 

localized towards the southeastern part of the range and pool 1 (blue) is more dominant in the 

southwestern part of the range. The 'pool 1' (blue) cluster appears to be the most prevalent 

cluster, followed by the northern-dominant cluster (pool 2, red). However, the northern-

dominant cluster (pool 2) is still present to a lesser degree in the southern part of the range. 

Likewise, the two southern-dominant clusters are present to a lesser degree in the northern 

part of the range.  

 The consensus neighbor-joining tree obtained with PHYLIP (Figure 3) shows inferred 

evolutionary relationships between populations. Unsurprisingly, some populations which are 



43 

 

 

 

 

located close together spatially, such as Bluff Mountain and Mount Jefferson, seem to be 

more closely related.  

DISCUSSION 

 Genetic Diversity and Differentiation 

 The results support the hypothesis of Carolina hemlock as an inbred species restricted 

to a limited range and small, isolated populations. The low numbers obtained for Nm and the 

prevalence of private alleles fit our hypothesis that the Carolina hemlock populations are 

significantly isolated from each other, with little gene flow. All populations had positive 

values for FIS, the inbreeding coefficient, indicating the presence of inbreeding. Many 

populations showed a significant level of inbreeding. The FST values and the Cavalli-Sforza 

chord distances indicate a high level of genetic differentiation between almost all of the 

populations. 

 The results of this study harmonize with some of the conclusions of Potter et al. 2010, 

but are different in some ways. For example, Potter et al. (2010) reported a He of 0.3, 

indicating a moderate level of genetic diversity. But in this study, the average expected 

heterozygosity across populations was 0.2, and the average observed heterozygosity was 0.1. 

Thus it seems that Carolina hemlock has lower overall genetic diversity than hypothesized 

based on the Potter et al. (2010) study. However, since two different marker types were used 

in each study, this comparison is not necessarily valid. This may suggest that it is necessary 

to sample less trees overall to capture the genetic variation of the species.  
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Regional Patterns of Genetic Diversity and Composition 

 The STRUCTURE results were able to reveal three genetic clusters and how they 

were distributed across the range of Carolina hemlock. In addition, the relationships shown 

on the neighbor-joining tree also correspond well with the populations structure shown in the 

STRUCTURE results. Populations composed mostly of the northern-dominant cluster (Bluff 

Mountain, Mount Jefferson, Hanging Rock, Kentland Farm, Dragon's Tooth, Linville Falls, 

and Sinking Creek) are also related more closely on the neighbor-joining phylogram (Figure 

3). Likewise, the populations which were made up primarily of the 'pool 1' cluster are 

grouped more closely together on the phylogram. 

 Though each cluster seems to be dominant in a different region, most populations 

display a combination of the three genetic clusters. The majority of the populations is 

comprised of a mixture of the clusters, despite the fact that the populations are isolated from 

each other with low gene flow and high differentiation between populations. This may 

suggest that at one point in the evolutionary history of Carolina hemlock, populations were 

less isolated from each other and gene flow was higher between populations.  

 We were also able to use this data to map out the distribution of genetic diversity 

across the range in ArcMap. Figures 5, 7, 8 and 9 present a visualization of the spatial 

distribution of various diversity statistics: allelic richness, percent polymorphism, private 

alleles and heterozygosity. Looking at these figures, we can see which regions harbor greater 

levels of genetic diversity.  
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 The findings of Potter et al. (2010) suggested that the southeastern part of the range 

might contain greater genetic diversity. It is expected that the distribution of Carolina and 

eastern hemlock would have been influenced by periodic episodes of glaciation in the late 

Quaternary period. During these episodes, the species would have endured in "refuges," 

likely at lower latitudes (Hewitt 1996, Hewitt 2000, Provan and Bennett 2008). Then, the 

species would have spread from these refuges. It is expected that populations closer to the 

refuge will exhibit greater genetic diversity, and populations further from the refuge will 

exhibit less diversity (Comes and Kadereit 1998, Taberlet et al. 1998). We might expect the 

southern part of the range to be where glacial refugia would be located, and thus greater 

diversity. Thus, one of our hypotheses was that the populations in the southeastern part of the 

range would harbor more genetic variation. However, no correlations were found between 

latitude, longitude and genetic diversity in this study. Individual populations with higher 

levels of genetic diversity were identified, but evidence was not found to support the 

hypothesis that genetic diversity of Carolina hemlock is correlated with its latitude, 

longitude, or elevation. Nonetheless, it is still useful to look for pockets of diversity, or to 

determine diversity levels on a population by population basis. Some populations which have 

high values for several different diversity statistics stand out. For example, Biltmore, Dobson 

Knob, and Carl Sandburg all seem to have high levels of genetic diversity. 

 Potter et al. (2012) identified three or four genetic clusters for eastern hemlock, 

evidence that there may have been three or four Pleistocene glacial refuges where eastern 

hemlock survived and later spread from. Likewise, the three genetic clusters identified in 
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Carolina hemlock may indicate that there were three Pleistocene glacial refuges in which the 

species persisted: one in the north, one in the southeast, and one in the southwest.  

 It was hoped that this study would elucidate the genetic origins of certain planted tree 

populations. Biltmore Estate is almost certainly a planted population of Carolina hemlock, 

Carl Sandburg has some planted trees and some natural trees, and Cuyahoga Valley is 

suspected to be planted, but possibly natural.  

 The Biltmore Estate population of Carolina hemlock trees comprises all three genetic 

clusters. However, it appears to contain more of the northern-dominant cluster in its genetic 

makeup than we would otherwise expect from the populations surrounding it. Its genetic 

composition is most similar to the genetic composition of the population at Iron Mountain. It 

is therefore possible that the planted trees came from this area. However, it is difficult to pin 

down their origin with any surety because different trees may have been obtained from 

different locations to be planted at Biltmore Estate. 

 The Cuyahoga Valley population is significantly isolated from the rest of the 

populations, and is far outside the known range of Carolina hemlock. Therefore, it seems 

very likely that it was planted there rather than being a naturally occurring population. If it 

was natural, we would expect to see it being highly differentiated from the other populations, 

and it would probably be closer to the genetic composition of the northerly populations 

(mostly made up of pool 2). However, its composition is most similar to populations such as 

Hawksbill Mountain and Dobson Knob, not the most northerly populations. It is also not 
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significantly more differentiated than the other populations. It seems that there is not much 

evidence from this study to suggest that it is a natural population.  

 We can draw similarities between this study and a study performed by Potter et al. 

(2008) on Fraser fir (Abies fraseri (Pursh.) Poir). Fraser fir and Carolina hemlock both exist 

in a number of small, isolated populations in the Appalachian mountains. Their current 

distribution was likely influenced by glaciation and post-glacial migration. The microsatellite 

study of the population genetics of Fraser fir revealed heterozygote deficiency and 

inbreeding. Carolina hemlock populations also exhibit heterozygote deficiency and 

inbreeding, at seemingly greater levels than Fraser fir. However, populations of Carolina 

hemlock seem to be more differentiated from each other than are populations of Fraser fir, 

based on the FST values obtained. 

 A key difference between the two species is gene flow. Potter et al. (2008) reported 

an Nm of 9.77, evidencing a higher level of gene flow between populations of Fraser fir than 

between populations of Carolina hemlock. It is possible that even a small amount of gene 

flow can stave off genetic drift and inbreeding in isolated populations (Ellstrand 1992). Thus, 

gene flow seems to be the key distinction between Carolina hemlock and Fraser fir, leading 

to disparate levels of differentiation, despite the two species' apparent similarities and shared 

history. 

Gene Conservation Implications 

 These findings have a number of implications for gene conservation. For instance, by 

showing where the most genetic variation is located among the Carolina populations, they 
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allow us to determine how to best preserve the existing genetic diversity. Certain populations 

can be identified which have high genetic diversity. For example, the Carl Sandburg 

population (Table 6) has high allelic richness, private alleles, and percent polymorphism. 

Compared to the other populations it seems to exhibit a relatively high amount of genetic 

variation. Therefore, it may be required to take more samples from that population in order to 

effectively capture its genetic diversity. The populations which exhibit high diversity or 

possess a unique genetic composition should also be prioritized for conservation.  

 The fact that the populations of Carolina hemlock currently show high levels of 

inbreeding emphasizes the necessity of quickly and effectively acting to preserve the genetic 

diversity of Carolina hemlock. The results of this study can aid ongoing ex situ conservation 

efforts. The goal of collecting and preserving seeds or trees with representative genetic 

variation would be made more achievable with this knowledge. 

 A number of gene conservation efforts are already underway. Currently, Camcore 

(International Tree Breeding and Conservation Program at North Carolina [NC] State 

University) and the US Department of Agriculture (USDA) Forest Service Forest Health 

Protection are collaborating in a program aimed at conserving the genetic resources of both 

Carolina hemlock and Eastern hemlock (Jetton et al. 2013). This effort has led to the 

establishment of seed reserves and protected seedling orchards. So far, seeds have been 

collected from 134 trees in 19 populations throughout the range of Carolina hemlock.  These 

seeds have been placed in cold storage at two germplasm repositories in the United States. 

Two protected plantings of Carolina hemlock have been established in North Carolina. 
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Protected plantings of Carolina hemlock have also been created in Brazil and Chile, safely 

outside the range of the adelgid. Once effective measures to control the hemlock woolly 

adelgid have been developed and deployed, these resources will provide the material for 

reintroduction and revival of populations which have suffered mortality and loss of genetic 

variation. These resources can also be utilized in breeding efforts.  

 The information about population genetic structure and diversity revealed in this 

study will greatly help in developing better targeted, more effective conservation efforts. One 

finding of this study is that trees from Pool 3, the genetic cluster that is found mostly in 

southeastern populations, may have been underrepresented in the seed sampling that has 

already been done. Figure 4 (Jetton et al. 2013) shows the populations from which seeds have 

successfully been collected by Camcore, and those which have not yet been sampled. 

Comparing this with Figure 2, it seems that the majority of the populations in which pool 3 

dominates the genetic makeup have not yet been sampled. In addition, some of the specific 

populations which have not yet been sampled (such as Dobson Knob) show high levels of 

genetic diversity relative to other populations. Some of these unsampled populations possess 

high numbers of private alleles. Based on the results of this study, greater emphasis should be 

placed on sampling these neglected populations in order to better capture the genetic 

diversity of Carolina hemlock.  

 Potter et al. (2010) utilized amplified fragment length polymorphism (AFLP) markers 

to investigate the genetic relationships between a number of Carolina hemlock populations. 

The results of the study  were consistent with the hypothesis that Camcore's previous 
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collections had successfully captured the genetic variation present throughout the population. 

However, with the more detailed information given in our study, it seems that more sampling 

of certain populations may be required.  

 Potter et al. (2012) was a similar study to this one: 13 highly polymorphic 

microsatellite markers were used to elucidate the population genetic structure and diversity of 

eastern hemlock. This study directly improved ex situ conservation efforts for eastern 

hemlock. It was able to show pockets of genetic diversity where greater sampling intensity 

was required, as well as populations where private alleles were located.  

Conclusions 

 This range-wide, comprehensive study of the population genetics and diversity of 

Carolina hemlock yielded more informative results than have been produced in the past. With 

this information, we now have a much more clear picture of the level and structuring of 

genetic diversity, inbreeding, and differentiation. Three genetic clusters were identified, 

showing the relationships between the populations and their genetic composition. These 

findings will aid gene conservation efforts and help in the preservation of this rare and 

threatened species. 
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TABLES AND FIGURES 

Table 1. Populations of Carolina hemlock from which samples were collected. For each 

population, location, state, coordinates, elevation (averaged elevation in meters of all samples 

taken for each population), HWA prevalence (% of sampled trees infested with HWA), date 

collected and number of samples analyzed from each population are given. The p-value for 

Hardy Weinberg exact tests for each population is also given. * means that there was a highly 

significant value for p, and thus that the population was out of Hardy-Weinberg equilibrium. 

ID Population Location, State Latitude Longitude Elevation HWA Date Collected 
No. 
Samples HWE 

1 Biltmore Estate 
Buncombe County, 
NC 35.54 -82.551 680 15% 5/23/2013 19 * 

2 Bluff Mountain Ashe County, NC 36.384 -81.538 1381 30% 5/21/2013 20 * 

3 Crabtree Avery County, NC 35.798 -82.164 1146 40% 5/29/2013 15 * 

4 Cripple Creek Wythe County, VA 36.75 -81.17 921 100% 5/16/2013 20 * 

5 
Cradle of 
Forestry 

Transylvania 
County, NC 35.35 -82.778 994 30% 6/6/2013 13 0.0043 

6 Caesar's Head 
Greenville County, 
SC 35.106 -82.627 909 25% 6/4/2013 18 * 

7 

Carolina 
Hemlocks 
Campground Yancey County, NC 35.805 -82.205 841 10% 5/29/2013 20 0.0004 

8 Cliff Ridge Unicoi County, TN 36.114 -82.417 673 35% 5/30/2013 19 * 

9 Carl Sandburg 
Henderson County, 
NC 35.268 -82.452 717 35% 6/3/2013 16 * 

10 
Cuyahoga 
Valley 

Cuyahoga County, 
OH 41.242 -81.55 310 0% 8/16/2013 17 * 

11 Dobson Knob 
Burke/McDowell 
County, NC 35.807 -81.987 965 100% 5/29/2013 18 * 

12 Dupont 
Henderson County, 
NC 35.187 -82.624 779 85% 6/4/2013 19 0.0032 

13 Dragon's Tooth 
Montgomery 
County, VA 37.37 -80.17 681 100% 5/14/2013 7 0.477 

14 
Hawskbill 
Mountain Burke County, NC 35.913 -81.886 1073 100% 10/10/2013 14 * 

15 Hanging Rock Stokes County, NC 36.39 -80.267 504 90% 5/16/2013 20 * 

16 Iron Mountain Carter County, TN 36.15 -82.149 880 50% 5/22/2013 20 * 

17 Kentland Farm 
Montgomery 
County, VA 37.19 -80.576 592 70% 5/13/2013 19  0.0077 

18 Kitsuma Peak 
McDowell County, 
NC 35.62 -82.261 942 90% 

5/31/13 and 
10/11/13 16 * 

19 Kelsey Tract Macon County, NC 35.33 -83.26 1305 100% 6/11/2013 2 
No 
info  

20 Linville Falls Avery County, NC 35.949 -81.924 1013 25% 5/20/2013 20 0.0002 

21 Looking Glass 
Transylvania 
County, NC 35.304 -82.793 971 85% 6/6/2013 20 0.001 

22 
Mount 
Jefferson Ashe County, NC 36.403 -81.463 1314 0% 5/21/2013 8 0.759 
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Table 1 Continued 

 
2
3 

Roundtop 
Mountain 

Pickens County, 
SC 35.043 -82.785 929 35% 6/11/2013 20 * 

2
4 

Sinking 
Creek 

Montgomery 
County, VA 37.33 -80.33 997 100% 5/15/2013 20 * 

2
5 

South 
Mountains 
State Park 

Burke County, 
NC 35.599 -81.66 840 95% 5/28/2013 20 * 

2
6 

Tallulah 
Gorge 

Rabun County, 
GA 34.732 -83.376 457 33% 6/10/2013 2 

No 
info  

2
7 

Table Rock 
State Park 

Pickens County, 
SC 35.038 -82.205 896 9% 6/5/2013 11 

0.000
3 

2
8 

Whitewater 
Falls 

Transylvania 
County, NC 35.036 -83.018 804 50% 6/13/2013 2 

No 
info  

2
9 

Whiteside 
Mountain 

Macon County, 
NC 35.081 -83.138 1407 100% 6/11/2013 4 

0.009
3 

 

Table 2. Sixteen loci were utilized in the study. Ho (observed heterozygosity), He (expected 

heterozygosity), FIS, FST, A (total alleles at each locus), Ae (effective alleles at each locus), 

and null allele frequency estimates (Brookfield 1996) are given. All loci met the p-value for 

being out of Hardy Weinberg equilibrium (*=significant p-value). 

 
Locus Null Alleles He Ho Fis Fit A Ae HWE 

Tc-044mf 0.2468 0.180 0.099 0.450 0.803 6 1.293 * 

Tc-083-2mv 0.3227 0.314 0.128 0.594 0.823 15 1.657 * 

Tc-066mp 0.2591 0.196 0.098 0.499 0.809 6 1.343 * 

Tc-062mp 0.3212 0.303 0.154 0.493 0.774 10 1.615 * 

Tc-080mp 0.334 0.341 0.151 0.558 0.804 9 1.735 * 

Tc-012mn 0.0209 0.064 0.044 0.313 0.387 9 1.097 * 

Tc-074mn 0.3021 0.248 0.122 0.507 0.795 8 1.437 * 

Tc-677mv 0.2988 0.394 0.187 0.527 0.732 11 2.034 * 

Tc-060mf 0.2499 0.180 0.052 0.713 0.874 6 1.318 * 

Tc-087mf 0.2458 0.244 0.130 0.465 0.779 9 1.425 * 

Tc-030mf 0.0657 0.133 0.142 -0.070 0.542 2 1.196 * 

Tc-022mv 0.1389 0.202 0.208 -0.030 0.527 5 1.409 * 

Tc-057mn 0.2734 0.125 0.062 0.507 0.874 5 1.205 * 

Tc-075mn 0.3182 0.243 0.136 0.443 0.796 7 1.415 * 

Tc-085mn 0.1529 0.100 0.026 0.745 0.912 4 1.141 * 

Tc-089mf 0.1695 0.332 0.321 0.033 0.417 8 1.656 * 
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Table 3. FSTAT 2.3.9.2 yielded values for the probability that a given pair of loci is in 

genetic disequilibrium. The adjusted P-value for the 5% nominal level is 0.000417, and all 

loci that met this significance value for disequilibrium are shown in the table. 
Pair of Loci P-value 

Tc-044 X Tc-080 0.00042 

Tc-044 X Tc-074 0.00042 

Tc-044 X Tc-677 0.00042 

Tc-083 X Tc-080 0.00042 

Tc-083 X Tc-012 0.00042 

Tc-083 X Tc-074 0.00042 

Tc-066 X Tc-080 0.00042 

Tc-062 X Tc-080 0.00042 

Tc-062 X Tc-074 0.00042 

Tc-062 X Tc-677 0.00042 

Tc-062 X Tc-060 0.00042 

Tc-080 X Tc-074 0.00042 

Tc-080 X Tc-677 0.00042 

Tc-080 X Tc-060 0.00042 

Tc-080 X Tc-057 0.00042 

Tc-080 X Tc-075 0.00042 

Tc-074 X Tc-677 0.00042 

Tc-074 X Tc-075 0.00042 

Tc-074 X Tc-089 0.00042 

Tc-677 X Tc-060 0.00042 

Tc-075 X Tc-089 0.00042 
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Table 4. FSTAT 2.3.9.2 was used to estimate the Weir and Cockerham F-statistics. The table 

shows FIS and FST. The values given are mean values for each locus, using the jackknifing 

over populations method. 
Loci FST FIS 

Tc-044mf 0.605 0.467 

Tc-083-2mv 0.493 0.599 

Tc-066mp 0.528 0.554 

Tc-062mp 0.508 0.555 

Tc-080mp 0.485 0.544 

Tc-012mn 0.061 0.338 

Tc-074mn 0.514 0.598 

Tc-677mv 0.363 0.548 

Tc-060mf 0.568 0.686 

Tc-087mf 0.455 0.488 

Tc-030mf 0.374 -0.099 

Tc-022mv 0.418 0.052 

Tc-057mn 0.727 0.589 

Tc-075mn 0.609 0.577 

Tc-085mn 0.573 0.637 

Tc-089mf 0.356 0.118 

Overall 0.496 0.464 
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Table 5. Table shows the average Cavalli-Sforza chord distance between the given 

population and all other populations. Values obtained using FreeNA. 
ID Population Average Distance 

26 Tallulah Gorge 0.544706 

13 Dragon's Tooth 0.534685 

17 Kentland Farm 0.466315 

2 Bluff Mountain 0.448082 

22 Mount Jefferson 0.446683 

24 Sinking Creek 0.444696 

10 Cuyahoga Valley 0.444083 

14 Hawksbill Mountain 0.443161 

15 Hanging Rock 0.441843 

23 Roundtop Mountain 0.439097 

8 Cliff Ridge 0.43736 

3 Crabtree 0.437043 

7 Carolina Hemlock 
Campgrounds 

0.436861 

12 Dupont 0.43445 

21 Looking Glass 0.431313 

18 Kitsuma Peak 0.429941 

5 Cradle of Forestry 0.429475 

28 Whitewater Falls 0.427861 

19 Kelsey Tract 0.4246 

27 Table Rock 0.423505 

11 Dobson Knob 0.419621 

16 Iron Mountain 0.41931 

4 Cripple Creek 0.412927 

20 Linville Falls 0.411545 

25 South Mountains 0.411251 

6 Caesar's Head 0.410974 

9 Carl Sandburg 0.409239 

29 Whiteside Mountain 0.395168 

1 Biltmore Estates 0.391729 
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Table 6: Diversity statistics for each population of Carolina hemlock. GenAlEx yielded a list 

of private alleles per population. Latitude, longitude, elevation (averaged over all trees 

sampled) are given. Polymorphism (percent of loci that were polymorphic in the population), 

Ho (observed heterozygosity), and He (expected heterozygosity) values were obtained.  A is 

allelic richness, the number of alleles per locus averaged for each population. 

ID Population Latitude Longitude Elevation Polymorphism Ho He 
Private 
Alleles A 

1 Biltmore 35.5397 -82.551 680 93.8 0.25 0.389 1 3.25 

2 BluffMtn 36.3836 -81.5377 1381 68.8 0.149 0.225 2 2.25 

3 Crabtree 35.7985 -82.1643 1146 93.8 0.116 0.285 2 2.313 

4 CrippCreek 36.75 -81.17 921 50 0.042 0.12 1 1.5 

5 CradleFor 35.3498 -82.7779 994 25 0.005 0.033 0 1.25 

6 CaesarHead 35.1058 -82.6273 909 62.5 0.106 0.328 2 2.313 

7 CaroCamp 35.8053 -82.2046 841 68.8 0.167 0.226 0 2.188 

8 CliffRidge 36.1142 -82.4173 673 68.8 0.213 0.277 3 2.25 

9 CarlSand 35.2678 -82.4517 717 81.3 0.161 0.343 5 3.125 

10 Cuyahoga 41.2417 -81.5497 310 75 0.087 0.265 1 2.188 

11 DobsonKnob 35.8068 -81.9871 965 93.8 0.12 0.44 4 3.188 

12 Dupont 35.1868 -82.6237 779 81.3 0.171 0.252 1 2.438 

13 Dragons 37.37 -80.17 681 18.8 0.106 0.067 0 1.188 

14 Hawksbill 35.9132 -81.8862 1073 87.5 0.201 0.415 0 2.75 

15 HangRock 36.3902 -80.2667 504 87.5 0.18 0.285 2 2.625 

16 IronMtn 36.1499 -82.1485 880 87.5 0.12 0.264 1 2.5 

17 Kentland 37.1897 -80.5764 592 31.3 0.073 0.054 0 1.375 

18 Kitsuma 35.6201 -82.2607 942 87.5 0.157 0.395 1 2.438 

19 KelseyTct 35.33 -83.26 1305 81.3 0.031 0.023 0 1.063 

20 Linville 35.9493 -81.9245 1013 62.5 0.244 0.322 2 2.563 

21 LookGlass 35.3037 -82.7935 971 87.5 0.072 0.114 3 2.063 

22 MtJeffers 36.4031 -81.4633 1314 31.3 0.109 0.099 0 1.313 

23 Roundtop 35.0426 -82.7846 929 68.8 0.116 0.223 2 1.938 

24 SinkingCrk 37.33 -80.33 997 62.5 0.049 0.168 1 1.938 

25 SouthMtn 35.5986 -81.6597 840 68.8 0.225 0.351 1 2.063 

26 Tallulah 34.7319 -83.3758 457 0 0 0 1 0.625 

27 TableRock 35.0381 -82.2046 896 31.3 0.089 0.121 0 1.563 

28 Whitewater 35.0358 -83.0175 804 25 0.188 0.109 0 1.25 

29 Whiteside 35.0809 -83.1382 1407 75 0.182 0.332 3 2.188 
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Table 7. R values and p-values for correlations calculated in SAS between latitude, longitude 

and elevation and various diversity statistics. 

Full Dataset Polymorphism Private_Alleles Ho He 

Latitude r 0.016 -0.15827 -0.13701 -0.02438 

 
p-val 0.9344 0.4122 0.4785 0.9001 

Longitude r -0.07987 -0.17623 -0.00567 -0.02269 

  p-val 0.6804 0.3605 0.9767 0.907 

Elevation 
 

0.18321 0.0316 -0.00102 0.039 

  
0.3415 0.8707 0.9958 0.8408 

      Dataset Without Planted Trees 
   Latitude r 0.12667 0.07364 -0.02902 0.07719 

 
p-val 0.5207 0.7096 0.8835 0.6962 

Longitude r -0.17514 0.24208 -0.04682 -0.14069 

  p-val 0.3727 0.2146 0.813 0.4752 

Elevation 
 

0.06785 0.08424 0.05536 0.08161 

  
0.7316 0.67 0.7797 0.6797 

      Full Dataset Without Small Populations 
  Latitude r -0.1659 -0.18241 -0.20666 -0.22276 

 
p-val 0.4281 0.3828 0.3216 0.2845 

Longitude r 0.19219 0.38623 0.02447 0.04737 

  p-val 0.3574 0.0565 0.9076 0.8221 

Elevation 
 

-0.056 -0.03677 -0.10213 -0.05436 

  
0.7903 0.8615 0.6271 0.7963 

      Dataset Without Planted Trees and Without Small Populations 

Latitude r -0.15355 -0.10279 -0.15488 -0.18178 

 
p-val 0.4738 0.6327 0.4699 0.3953 

Longitude r 0.08116 0.47759 0.00392 0.0374 

  p-val 0.7062 0.0183 0.9855 0.8623 

Elevation 
 

-0.00457 0.03257 -0.03953 -0.01015 

  
0.9831 0.8799 0.8545 0.9624 
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Figure 1. Locations of the 29 populations of Carolina hemlock sampled in this study. Map 

created using ArcMap. 
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Figure 2. The Delta K method was used with the STRUCTURE-obtained data to show the 

most likely value for K, resulting in a clear peak at K=3. 
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Figure 3. STRUCTURE predicted three genetic clusters contributing to the population 

structure of Carolina hemlock. CLUMPP and ArcMap were used to produce a map 

displaying the genetic makeup of each population with respect to these three clusters. Table 1 

shows which ID number belongs to which population. 
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Figure 4. The consensus neighbor-joining tree created in PHYLIP showing relationships 

between the 29 populations of Carolina hemlock, displayed as a phylogram using TreeView.  
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Figure 5. Figure 2 from Jetton et al. 2013. The geographic distribution of Carolina hemlock 

(Tsuga caroliniana) in the southern Appalachian Mountains and the locations of provenance 

seed collections made by Camcore indicated by black circles. Red circles indicate 

provenances where seed collections have not yet been made. (Shapefile based on Little 1971; 

downloaded from U.S. Geological Survey 2013). 
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Figure 6. The allelic richness (A) of each population, as it is distributed across the range of 

Carolina hemlock. Allelic richness is one indicator of genetic diversity and is able to give an 

impression of how diversity is distributed across the range of Carolina hemlock Map created 

using ArcMap.  
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Figure 7. The mean genetic distance of each given population in relation to all the other 

populations. Map created using ArcMap. 
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Figure 8. The observed heterozygosity of each population, one measure of genetic diversity. 

Heterozygosity is one indicator of genetic diversity and is able to give an impression of how 

diversity is distributed across the range of Carolina hemlock Map created using ArcMap. 
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Figure 9. The percent polymorphism for each population, giving one measure of genetic 

diversity and an idea of how diversity is distributed across the range of Carolina hemlock. 

Map created using ArcMap. 
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Figure 10. The number of private alleles found in each population, another indicator of 

genetic diversity. Map created using ArcMap. 
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Figure 11. An AMOVA was performed in GenAlEx. The percentages of molecular variance 

found within populations and among populations are shown.  
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