
ABSTRACT 

LOFTIS, WILLIAM. Conserving Carolina Hemlock: The Influence of Stand and Site Conditions 

on the Species’ Health and an Assessment of the Soil Conditions in Carolina Hemlock 

Communities (Under the direction of Dr. Robert Jetton and Dr. Jodi Forrester). 

 

 Carolina hemlock (Tsuga caroliniana Engelmann) is a rare conifer endemic to the 

southern Appalachian Mountains, occurring in disjunct populations across North Carolina, 

Tennessee, Virginia, Georgia, and South Carolina. This species inhabits a range of elevations 

from around 600 meters in sheltered valleys and ravines to approximately 1,500 meters on 

exposed bluffs and ridgelines. Due to its limited geographic range, fragmented populations, and 

high susceptibility to the invasive hemlock woolly adelgid (Adelges tsugae Annand; HWA), 

Carolina hemlock is considered one of the most imperiled conifers in North America. 

Since its introduction in the 1950s, HWA has caused widespread mortality among hemlock 

species throughout the eastern United States. Carolina hemlock is particularly vulnerable, with 

projections suggesting it may become functionally extirpated from its native range within the 

next few decades if current trends continue. Effective conservation of this species depends on 

integrated pest management strategies, which currently include chemical and biological control, 

host resistance, gene conservation, and silviculture. 

 This study aims to strengthen the role of silviculture in Carolina hemlock conservation by 

identifying how environmental conditions influence tree health in natural stands. A total of 130 

Carolina hemlock trees were evaluated for crown and branch health, and detailed assessments of 

stand and site conditions were performed at 13 sites spanning the species’ distribution. A health 

index was calculated to synthesize the health of Carolina hemlock study trees, and three distinct 

health classes were identified. The results revealed significant relationships between tree health 

and various environmental and stand-level factors such as competition, canopy density, Carolina 



hemlock basal area, and elevation. This study found that forests with a stand basal area of 40.23 

m²/ha or more, and a Carolina hemlock basal area of 9.35 m²/ha or more, are at greater risk of 

decline. This is likely due to increased competition for resources, which may reduce the species’ 

ability to withstand and recover from HWA feeding pressure. 

 Furthermore, the soil physiochemical properties in which the Carolina hemlock 

individuals were growing within were described across the range. The soil supporting Carolina 

hemlock were typically young, with limited horizon development, and had sandy-loam to stony-

loam textures. They were strongly acidic and ranged from moderately shallow to deep in profile. 

Total exchange capacity and available water capacity were consistent with values typical of 

loamy and sandy-loam soils. Four significantly different soil types were identified. The dominant 

soil type was defined as having increased concentrations of acid-forming cations, moderately 

acidic pH, low total exchange capacity, and high organic matter content. However, three other 

soil types were identified as having higher concentration of essential base cations, higher soil pH, 

and higher total exchange capacity, representing a broader range of soil fertility within Carolina 

hemlock communities than previously understood.  Additionally, this study identified 

correlations between Carolina hemlock plant community types and soil composition, 

contributing to the understanding of the ecological flexibility of Carolina hemlock within its 

native range. These findings offer insight into the soil characteristics within Carolina hemlock 

communities and may inform efforts to identify suitable refugia for conservation and restoration 

efforts. 
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Chapter 1. Literature Review of Carolina Hemlock 

Introduction 

Carolina hemlock (Tsuga caroliniana Engelmann) is a rare conifer endemic to the 

Southern Appalachian Mountains and is one of the most imperiled species in North America. Its 

narrow distribution ranges from Virginia, Tennessee, Georgia, North Carolina, and South 

Carolina. High summer temperatures, historically frequent wildfires, and sparse rocky outcrops 

limit the Carolina hemlock range in the southern United States (Austin et al., 2016). In the north, 

decreased summer precipitation and hardwood competition due to less frequent fires inhibit 

Carolina hemlock establishment (Austin et al., 2016). 

Carolina hemlock has adapted a stress tolerant life history strategy, allowing it to occur in 

several environments within its range. Exhibiting slow growth in combination with evergreen 

foliage allows Carolina hemlock to thrive in nutrient poor, dry, exposed bluffs and ridges from 

600 to 1500 m in elevation (Jetton et al., 2008). Belonging to a genus that is one of the most 

shade-tolerant within the Pinaceae family, Carolina hemlock can also be found in the densely 

shaded canopy of mixed-deciduous forests where nutrients are higher, but light is a limiting 

factor (Jetton et al, 2008). Many birds and mammals feed on Carolina hemlock seeds and bark, 

and its evergreen foliage provides white-tailed deer-browse as well as essential shelter and 

bedding during the winter (Hemlock 2020). Common associates of Carolina hemlock are 

chestnut oak (Quercus montana Willd.), northern red oak (Q. rubra L.), red maple (Acer rubrum 

L.), mountain laurel (Kalmia latifolia L.), rhododendron (Rhododendron spp.), and downy 

serviceberry (Amelanchier arborea F. Michx.) (Jetton et al., 2008). Despite its adaptation to a 

stress-tolerant life history strategy, Carolina hemlock’s narrow geographic range and low level of 

genetic diversity make this species especially vulnerable to disturbances such as the invasive 
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hemlock woolly adelgid (HWA) (Adelges tsugae Annand.), as well as drought and wildfire 

(Keyser et al., 2023; Potter et al., 2017). The advancement of HWA has led to widespread 

mortality of Carolina hemlock, and remaining populations continue to be at risk. Current HWA 

management in Carolina hemlock stands relies on the use of systemic insecticides (e.g. 

imidacloprid) and the release of biological control agents (e.g. Laricobius spp). Opportunities to 

integrate silviculture as part of the HWA management strategy in Carolina hemlock stands have 

not yet been explored as they have with eastern hemlock (Tsuga canadensis (L.) Carr.). This 

review synthesizes research on Carolina hemlock population structure and ecology, HWA 

impacts, and current management strategies to identify potential silvicultural treatments to 

improve Carolina hemlock resiliency.   

 

Carolina Hemlock Community 

 

Despite being one of three endemic conifers in the Southern Appalachians, few studies 

have characterized the structure, function, and composition of Carolina hemlock 

communities. Carolina hemlock communities have been surveyed in southwestern Virginia, 

western North Carolina, and east Tennessee to determine the species' life history traits and to 

quantify the vegetative structure and composition of these communities (Humphrey 1989; 

Rentch et al., 2000; Keyser et al., 2023). Carolina hemlock was found dominating various habitat 

types, including exposed rocky outcrops, midslope positions, and concave topographical areas. 

 

Carolina hemlock community dynamics differ based on habitat type (Humphrey 1989). 

Midslope environments and rocky outcrops are characterized by frequent disturbances caused by 

drought, ice, and wind. Early successional species often struggle to establish on these less 
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productive sites, but Carolina hemlock's lightweight, wind-dispersed seeds allow it to establish 

early (Humphrey 1989). Consequently, Carolina hemlock frequently replaces early successional 

species on these harsh sites. This pattern aligns with Egler’s initial floristics composition theory 

(Egler 1954), which posits that dominance is assumed by species best suited to site conditions. 

Carolina hemlock's slow growth, long lifespan, and evergreen leaves enable it to endure and 

often thrive in such environments (Humphrey 1989). Once established, the species alters its 

environment through dense understory shading and changes in soil pH caused by acidic leaf 

litter, often reducing understory species richness in Carolina hemlock-dominated stands (Keyser 

et al., 2023; Rentch et al., 2000). 

Carolina hemlock can also be found on more productive sites as a late successional 

 

species. In undisturbed areas, broadleaved deciduous species that are mid-tolerant of shade are 

replaced by shade-tolerant species, such as Carolina hemlock, through episodic recruitment 

(Humphrey 1989). Gaps in age-class distributions of Carolina hemlock provide evidence of this 

recruitment pattern (Rentch et al., 2000). Gossman (2023) observed consistent recruitment 

patterns across 21 sites within the species’ native range. Many Carolina hemlock communities 

established during the 1940s and 1950s, coinciding with the decline of American chestnut 

(Gossman, 2023). Aggressive recruitment by Carolina hemlock during this period led to shifts 

from pine or hardwood species to Carolina hemlock-dominated stands. Despite its slow growth, 

Carolina hemlock’s high shade tolerance and long lifespan enable it to outcompete species like 

northern red oak and red maple in low-light conditions. 

Physiographic attributes, including elevation and aspect, influence the occurrence of 

Carolina hemlock stands. For instance, its highest occurrences are negatively correlated with 

north-facing aspects, meaning ridgetop habitats often face south (Keyser et al., 2023). Exposed 
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ridge-top environments typically have well-drained, highly acidic, nutrient-poor soils with low 

levels of calcium, potassium, and nitrogen (Rentch et al., 2000). Herbaceous layer species 

richness is low, likely due to poor soil fertility and insufficient understory light in densely shaded 

stands (Rentch et al., 2000). The tree stratum has the highest species richness in Carolina 

hemlock communities, ranging from 5.5 to 10 species (Rentch et al., 2000; Keyser et al., 2023). 

Across study sites, the importance value (IV) of Carolina hemlock did not exceed 65%, 

indicating it rarely formed pure stands (Keyser et al., 2023). Commonly associated species 

include chestnut oak, northern red oak, black oak (Quercus velutina Lam.), blackgum (Nyssa 

sylvatica Marshall), and red maple. Species richness decreases in the smaller tree strata as 

Carolina hemlock’s IV increases, indicating long-term dominance barring disturbances (Rentch 

et al., 2000). 

In Rentch et al. 's (2000) survey of a Carolina hemlock community in Southwestern 

Virginia, Carolina hemlock was abundant in the small tree and sapling strata, with an IV of 

89.7%. However, recruitment began decreasing as early as the 1950s and 1960s at some sites, 

predating HWA infestation and suggesting abiotic factors may be contributing to this decline 

(Wofford et al., in prep). Between 1990 and 2000, HWA became widespread in the southern 

Appalachians. Tree core data collected by Wofford et al. revealed that recruitment of Carolina 

hemlock dropped to virtually zero by the 1990s in the sampled communities. Two decades later, 

Keyser et al. (2023) and Gossman (2023) found that in western North Carolina and east 

Tennessee, the core range for Carolina hemlock, the species represented only 3% of stems in the 

regeneration layer in stands with mature Carolina hemlock trees and is being replaced by 

broadleaf deciduous species such as maples and oaks (Keyser et al., 2023). Across diameter 

distributions, Carolina hemlock was outnumbered, raising concerns about its ability to recruit 
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into larger diameter classes under HWA pressure. The timeline and findings from these studies 

indicate a rapid, dramatic shift in species dominance within Carolina hemlock communities due 

to HWA infestation and abiotic factors. 

Hemlock Woolly Adelgid 

HWA is an invasive insect first reported in the eastern United States in 1951. This insect 

is innocuous in its native range of East Asia due to co-evolution with the Asiatic Tsuga species 

and established predation (Limbu et al., 2018). HWA is also believed to have been established in 

western North America roughly 20,000 yrs ago and is considered to be native in that region due 

to its long ecological presence and harmless relationship with Tsuga heterophylla (Raf.) Sarg. 

(Western hemlock), and Tsuga mertensiana Bong. Carr. (mountain hemlock) (Limbu et al., 

2018). Since being introduced to the eastern U.S. in 1951 in Richmond, VA, it has been 

responsible for the significant decline and mortality of eastern hemlock and Carolina hemlock. 

HWA settles at the base of young needles and feeds on xylem ray parenchyma cells, which are 

essential water and solute transport cells (Limbu et al., 2018). This results in premature needle 

drop and defoliation, and upon infestation, mature hemlocks typically succumb to mortality after 

several years.  

In the eastern United States, HWA exhibits two wingless parthenogenic forms referred to 

as the sistens and progrediens generations, which produce a winged sexuparae (Limbu et al., 

2018). The sistens generation occurs from summer to early spring, while the shorter progrediens 

generation occurs from spring to early summer (Limbu et al., 2018). Each generation actively 

disperses on their host tree or passively to other trees via wind or by attaching to birds and other 

animals (Vose et al., 2013). Newly hatched adelgids during the sistens generation, known as 

crawlers, insert their piercing mouthparts at the base of current-year shoots and enter an 
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aestivation period where they become inactive during warmer summer months (McClure 1989). 

As temperatures begin to cool in autumn, mature sistens begin feeding on nutrients in the xylem 

ray parenchyma cells and secrete a white, waxy material that develops into a globular ovisac 

around the female HWA (Limbu et al., 2018). Eggs laid by mature sistens develop into the 

progrediens generation, which ultimately mature and produce eggs by early summer (Limbu et 

al., 2018). Some of the eggs laid by the mature sistens develop into the winged sexuparae 

generation, which is responsible for seeking a suitable host in order to produce a sexual 

generation (Havill et al., 2016)). In its native range of Japan, the host species is often Picea 

torano Koehne (tiger-tail Spruce) (Limbu et al., 2018). However, the sexuparae generation is not 

responsible for the population growth of HWA in the eastern United States due to the lack of a 

suitable spruce host (Mayfield et al., 2023). 

The southern Appalachians have experienced the greatest impacts from HWA since its 

introduction in the eastern United States. HWA infestation spreads more rapidly and results in 

mortality of mature eastern hemlocks faster in the southern Appalachians compared to areas in 

the northeastern United States (Vose et al, 2013). Upon first being discovered in North Carolina 

at the Coweeta Hydrologic Laboratory in 2003, a monitoring effort to assess the spread of HWA 

and hemlock canopy condition observed average crown losses exceeding 80% within four years 

of detection (Vose et al, 2013). Furthermore, greater than 85% of hemlock trees within all size 

classes were dead seven years following infestation (Ford et al., 2012), while similar levels of 

mortality were not observed in the northeast until 15-17 years after infestation (Ford et al., 2012). 

Increased rates of hemlock mortality in the southern Appalachians are thought to be the result of 

mild winter temperatures that sustain HWA populations (Vose et al, 2013). Myriad ecological 

impacts have occurred due to the rapid mortality and overall decline of hemlocks in the 
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landscape (see “Hemlock Ecosystem Services” below). 

 

HWA Integrated Pest Management 

 

Effective management of HWA outbreaks requires an integrated pest management (IPM) 

approach that incorporates biological control, chemical control, gene conservation, and host 

resistance. While each strategy on its own may have limited effectiveness, their combined 

application has shown promise in protecting hemlocks. 

Chemical treatments, primarily using imidacloprid and dinotefuran, are highly effective at 

controlling HWA infestations. These systemic insecticides can virtually eradicate HWA on 

treated trees, offering protection for approximately five years with imidacloprid and two years 

with dinotefuran (Webb et al., 2003). However, because chemical treatments require individual 

application to each tree, this method is inefficient for protecting entire forests and is typically 

reserved for high-priority areas such as campgrounds, along hiking trails, and residential zones. 

To address these limitations, chemical treatments are often used alongside biological controls. 

Classical biological control involves introducing natural predators of HWA that are 

adapted to the ecosystem and capable of suppressing HWA populations without harming 

non-target species. Among these predators, tooth-necked fungus beetle (Laricobius nigrinus 

Fender), native to the Pacific Northwest, has been the most widely deployed, with over 350,000 

individuals released in the eastern U.S. since 2003 (Sumpter et al., 2018). Biological controls 

offer an advantage over chemical treatments by potentially providing landscape-scale 

suppression. However, establishing predator populations is time-intensive and expensive, often 

allowing HWA to cause significant hemlock mortality before biological agents can take effect. 

The use of chemical control prior to predatory beetle release provides protection for treated trees 
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during beetle establishment and results in increased production of new growth supporting a more 

stable prey population for beetles. Predatory beetles such as L. nigrinus can establish on 

previously treated eastern hemlocks and effectively reduce HWA sistens populations as chemical 

protection diminishes (Mayfield et al., 2015).  

Host resistance is another critical component of long-term HWA management. In the 

native ranges of HWA, hemlock species such as western hemlock, mountain hemlock, and T. 

chinensis Pritz (Chinese hemlock) exhibit resistance to HWA. This resistance, coupled with 

natural predators, minimizes HWA’s impact in these regions (Oten et al., 2014). Research has 

demonstrated that these resistant traits persist even when these species are planted outside their 

native ranges, indicating a genetic basis for resistance. In the eastern U.S., where HWA is 

invasive, both eastern and Carolina hemlocks lack such evolved defenses. Efforts to identify 

resistant individuals within these populations are ongoing but are complicated by the rarity of 

resistance genes. Promising advancements include the development of hybrids such as T. 

caroliniana × T. chinensis, which exhibit intermediate resistance and favorable growth 

characteristics (Bentz et al., 2023; Oten et al., 2014). However, the timeline for developing and 

deploying resistant genotypes is lengthy, necessitating other conservation measures in the 

interim. 

Gene conservation ensures the preservation of genetic diversity within eastern and 

Carolina hemlock populations, safeguarding them against potential extirpation. Ex situ gene 

conservation involves collecting seeds from across the species' native range to capture genetic 

variation tied to diverse climates and soil conditions (Jetton et al., 2013). These seeds are stored 

in seed banks or planted in protected orchards for long-term preservation. Once successful in situ 

management programs are in place, these seeds will serve as a foundation for restoration and 
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breeding efforts. 

Hemlock Ecosystem Services 

 

Ecosystem services provided by eastern hemlock and Carolina hemlock are numerous 

 

and varied, depending on the habitats they occupy. Carolina hemlock is capable of establishing in 

harsh environments unsuitable for most species, providing essential food and shelter for wildlife 

in these areas (Coladonato 1993; Conover & Kania 1988; Godman & Lancaster 1990). 

Following the widespread decline of Carolina hemlock, wildlife populations may decrease in 

some regions due to the absence of ecologically important species capable of thriving in nutrient-

poor, stressful conditions with frequent disturbances. 

Eastern hemlock, and occasionally Carolina hemlock, occupy near-stream environments 

where they act as keystone species due to their substantial influence on the surrounding 

environment. The dense foliage and high live crown ratio of hemlocks effectively regulate 

 

stream temperatures, supporting aquatic ecosystem health. Additionally, their position along 

 

streams helps prevent erosion and mitigate runoff by intercepting rain and snow. Hemlock leaf 

and branch litter contributes nutrients to the forest floor and provides shelter for many aquatic 

species. Consequently, the impacts of hemlock decline are particularly pronounced in riparian 

ecosystems. Following infestation, hemlock leaf and branch litter initially increases on the forest 

floor and in streams due to defoliation and crown dieback (Vose et al., 2013). These short-term 

gains in nutrient inputs from litter fall eventually decline as infestations worsen and new foliage 

production decreases (Vose et al., 2013). Conversely, woody debris will significantly increase in 

the landscape as standing dead hemlocks decay over time (Vose et al., 2013). Loss of hemlock 

canopy cover will markedly affect light availability and temperature in understory and stream 

environments. Additionally, hemlock loss will alter seasonal and annual streamflow patterns due 
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to reduced transpiration rates. It is projected that streamflow could increase by approximately 

10% annually and 30% during spring because of reduced transpiration in dead and declining 

hemlocks (Vose et al., 2013). Long-term effects on ecosystem functioning will ultimately depend 

on the response of co-occurring species. 

The presence of rhododendron (especially Rhododendron maximum) in hemlock stands is 

a key factor in determining how forest structure will shift after widespread hemlock decline. 

Hemlock stands with significant shrub components are likely to transition to shrub-dominated 

ecosystems, resulting in decreased nutrient cycling and water usage (Vose et al., 2013). 

Alternatively, in areas with sparse rhododendron cover, maple, birch, beech, and oak species are 

predicted to replace hemlocks, leading to increased rates of nutrient cycling and water usage 

(Vose et al., 2013). Silvicultural treatments will be necessary to facilitate the transition to species 

with ecological functions like those provided by hemlocks. These treatments may include 

planting, selective cutting, and chemical control of rhododendron. Recent research indicates that 

silvicultural treatments can also improve the resiliency of infested eastern hemlocks, offering an 

additional strategy for conserving Carolina hemlock (Mayfield et al., 2023, Brantley et al., 2017, 

Mayfield and Jetton 2020, Piatek et al., 2017). 

 
 

Silvicultural Treatments for Hemlocks 

 

Silviculture offers an effective method to promote desired ecological outcomes through 

the manipulation of stand structure and composition. Unfortunately, current research on the 

efficacy of silvicultural treatments for HWA infested hemlock stands is scarce and only focuses 

on eastern hemlocks. Eastern hemlock is one of the most shade-tolerant tree species in eastern 

North America, often occurring in dense, heavily shaded stands where light is a limiting factor 
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for survival. Under these conditions, growth is significantly stunted, and understory hemlocks 

may not reach the canopy unless a gap is created. Furthermore, adelgid densities have an inverse 

relationship with light levels, indicating that HWA infestations may be more severe on 

understory hemlocks in densely shaded areas (Mayfield et al., 2023). 

Few studies have sought to determine the effect of increasing the light environment for 

hemlock survival in infested stands. Light levels around 30% of full sunlight or above were 

associated with decreased HWA infestation on potted eastern hemlocks, and increasing the light 

availability allowed for continued growth of seedlings despite infestation (Brantley et al., 2017). 

Sunlight not only causes physiological changes in the host plant which can lead to increased pest 

resistance, but it may also disrupt behavioral patterns of HWA. Density differences in settled 

sistens crawlers on eastern hemlock branch tips that had been placed under manipulated light 

conditions were significant (Mayfield and Jetton 2020). In fact, the proportion of crawlers that 

hatched and settled on branch tips under conditions where UV light was fully refracted was six 

times higher than branches under UV-transmitting sheets. This study reveals that increased 

sunlight inhibits the ability of HWA sistens generation crawlers to settle on eastern hemlock 

branch tips upon emerging from ovisacs (Mayfield and Jetton 2020). Thinning or creating 

canopy gaps increases light conditions in natural stands and may be an effective treatment for 

HWA infested hemlocks. 

Stand thinning increases crown biomass and diameter of eastern hemlocks, and decreases 

the foliar concentrations of nutrients N, P, and K over time (Piatek et al., 2017). The reduction in 

foliar concentrations of nutrients is promising because it implies that thinning will not increase 

the palatability of hemlock needles for HWA. Therefore, thinning may serve as an effective 

treatment for supporting hemlock survival in infested stands by increasing vigor and reducing 
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competition for light. Creating canopy gaps around infested hemlocks represents another 

treatment land managers may employ to reduce the competition for light. HWA-infested 

understory hemlocks released from competition via the creation of canopy gaps experienced 

increased production of new shoot growth, increased the basal area of the target tree, decreased 

percentage of dead tips, and reduced foliage transparency (Mayfield et al., 2023). Furthermore, 

the production of new growth on infested trees stabilized HWA populations, which typically 

collapse as the canopy health of the host tree declines (Mayfield et al., 2023). This finding is 

complementary to the biological control of HWA by providing a more stable source of prey for 

predatory insects. These studies highlight additional approaches to managing HWA-infested 

hemlock stands and provide a foundation for further research concerning the use of silviculture 

in conserving eastern and Carolina hemlock.  

Identifying factors that can predict HWA presence can increase treatment efficiency by 

focusing efforts within at-risk communities rather than areas less prone to invasion. Site 

conditions, specifically abiotic factors such as eastern aspect, slope and latitude, have been 

shown to be reasonable indicators of HWA presence in Carolina hemlock communities 

(Gossman 2023). Conversely, Carolina hemlock health is not a reliable predictor of HWA 

presence due to the cyclical relationship between HWA and hemlock decline (Gossman 2023). 

Successful in situ restoration requires a hospitable establishment site, and similar to identifying 

at-risk communities, abiotic factors can also reveal sites capable of promoting Carolina hemlock 

establishment (Gossman 2023), Therefore, silvicultural efforts may be more effective when 

considering the influence of abiotic factors on HWA presence. 
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Conclusion 

Although Carolina hemlock is found only in small, isolated populations, its stress-tolerant 

life history enables it to thrive in diverse habitats, including exposed bluffs, ridges, and densely 

shaded mixed-deciduous forests. Carolina hemlock plays a vital ecological role by providing 

habitat and forage for wildlife, regulating stream temperatures, and controlling erosion in 

riparian systems. However, its limited distribution and fragmented populations make Carolina 

hemlock highly susceptible to environmental disturbances. As a result, it is considered one of 

North America’s most imperiled tree species, primarily due to infestation by the invasive HWA. 

This pest has caused widespread decline, threatening the ecological stability of affected forests. 

While much research has focused on the more widespread eastern hemlock, fewer studies have 

addressed Carolina hemlock, leaving significant knowledge gaps concerning its health and 

resilience.  

Research on HWA management has predominantly centered on eastern hemlock, which 

occupies more mesic, lower-elevation environments. Silvicultural treatments that increase light 

availability to affected hemlock trees have shown promise in enhancing eastern hemlock 

resilience. Applying these treatments to Carolina hemlock could yield similar positive outcomes, 

though this remains untested. Environmental factors such as soil characteristics, aspect, and 

nutrient availability, along with stand dynamics like density and species competition, likely 

influence Carolina hemlock health. Understanding these interactions could identify conditions 

that bolster resilience or exacerbate susceptibility to HWA infestation. This study aims to 

evaluate the current health of Carolina hemlock across its native range while investigating 

critical environmental variables and stand dynamics. By identifying factors associated with 

healthier, more resilient trees, we seek to inform silvicultural practices that mitigate HWA 
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impacts. Our findings will contribute to a deeper understanding of Carolina hemlock ecosystems, 

supporting conservation initiatives and adaptive forest management strategies. 
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Chapter 2. Effects of Stand and Site Conditions on Carolina Hemlock Resilience 

Abstract 

Carolina hemlock (Tsuga caroliniana Engelmann) is a rare conifer endemic to the 

Southern Appalachian Mountains, occurring in isolated populations on exposed bluffs and ridges 

at elevations up to 1500 meters, and in protected valleys as low as 600 meters. Its narrow 

distribution and fragmented populations make it highly susceptible to environmental stressors. 

Understanding how stand and site conditions influence Carolina hemlock health is critical for its 

conservation. This study examined 130 Carolina hemlock trees across 13 sites within the species’ 

range. Crown and branch health metrics were recorded for each tree, and numerous stand and 

site variables were assessed to evaluate their influence on tree health. A health index 

incorporating crown and branch health metrics was developed to represent overall tree condition 

Hierarchical cluster analysis was used to group trees into health classes based on this index. 

Multiple linear regression analysis indicated that approximately 28% of the variation in the 

health index (adjusted R² = 0.28) was explained by competition index (within 10 m of the tree), 

canopy density, Carolina hemlock basal area, and tree elevation. Simple linear regressions 

further revealed that crown density and foliage transparency were primarily influenced by 

competition index (R² = 0.21, and 0.13, respectively). Declining trees were most frequently 

found in stands with higher Carolina hemlock and total basal area, suggesting these stand 

conditions may contribute to reduced tree health. These findings highlight key stand-level factors 

affecting Carolina hemlock health and offer silvicultural insights to support the conservation and 

management of this imperiled species. 
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Introduction  

Carolina hemlock (Tsuga caroliniana Engelm.) has the most restricted range of any 

North American hemlock species, occurring only in isolated pockets from the southern 

Appalachian Mountains to the upper Piedmont region of the southeastern United States (Jetton et 

al., 2008). This rare conifer thrives in harsh environments, including rocky outcrops, exposed 

bluffs, and ridges, where it withstands high winds and freezing temperatures. Despite a stress-

tolerant life history strategy (Humphrey, 1989), a limited distribution and low level of genetic 

diversity makes Carolina hemlock especially vulnerable to disturbances driven by both biotic and 

abiotic stressors (Potter et al. 2017). 

The hemlock woolly adelgid (HWA) (Adelges tsugae Annand) is the greatest threat to 

Carolina hemlock survival, with climate-related stressors such as rising temperatures and 

increased drought frequency further exacerbating susceptibility to infestation (Potter et al., 

2017). HWA is a piercing-sucking hemipteran that feeds on the xylem-ray parenchyma cells at 

the base of hemlock needles (Limbu et al., 2018). In its native range of east Asia and the western 

United States, HWA maintains a commensal relationship with Tsuga species, shaped by a long 

history of co-evolution (Limbu et al, 2018). However, since its introduction into the range of the 

more widespread eastern hemlock (Tsuga canadensis (L.) Carr.) in the eastern United States in 

1951, HWA has become an aggressive invasive pest. Unlike their Asiatic Tsuga relatives, 

Carolina and eastern hemlock have shown no tolerance to HWA (Oten et al., 2014). The most 

severe impacts are observed within the Carolina hemlock native range in the Southern 

Appalachian Mountains, where mild winter temperatures allow HWA populations to persist 

year-to-year (Vose et al., 2013). In the presence of widespread HWA infestation across the 
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eastern United States, the International Union for Conservation of Nature (IUCN) classifies 

Carolina hemlock as Near Threatened, due to its rarity and limited distribution (Farjon, 2013).   

Carolina hemlock recruitment and regeneration has been steadily declining across its 

native range since the introduction of HWA in the 1990s. Early studies highlighted the localized 

dominance of Carolina hemlock (Rentch et al., 2000; Humphrey 1989), which began 

aggressively recruiting during the 1940s and 1950s, coinciding with the decline of American 

chestnut (Castanea dentata (Marsh.) Borkh.) (Gossman 2023). The establishment of these 

communities led to the transition of forest types from pine or hardwood species to Carolina 

hemlock dominated stands. However, establishment dates from tree cores collected across the 

Carolina hemlock range indicate that recruitment dropped to virtually zero by the 1990s 

(Wofford et al., in prep; Gossman 2023). By 2023, Carolina hemlock represented only 3% of 

stems in the regeneration layer in communities it once dominated (Keyser et al., 2023; Gossman 

2023). Carolina hemlock seedlings that can persist in the understory often do not make it into the 

canopy layer, and Carolina hemlock is being outnumbered across diameter distributions because 

of HWA feeding pressure in its native range (Keyser et al., 2023). As a result, stands historically 

dominated by Carolina hemlock are rapidly shifting to stands dominated by broad-leaved, 

deciduous trees consisting mainly of maples and oaks. Given Carolina hemlock’s ecological 

significance and contribution to global biodiversity, conservation efforts are essential.  

Silviculture is the most recent addition to the integrated pest management (IPM) strategy 

for Carolina hemlock, with potential to increase the resilience of infested hemlock trees when 

combined with chemical and biological control (Mayfield et al., 2020). Research on eastern 

hemlock (Tsuga canadensis (L.) Carr.) has explored HWA response to varying light conditions 

(Brantley, 2017; Mayfield and Jetton 2020) and physiological responses of eastern hemlock to 
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stand manipulations such as thinning (Piatek et al., 2017), and recovery associated with increased 

sunlight availability (Mayfield et al., 2023). However, no studies have assessed the effectiveness 

of these treatments on Carolina hemlock, leaving a critical gap in knowledge for its conservation 

and management. Understanding how site factors and stand conditions influence Carolina 

hemlock health is essential for informing effective management strategies and enhancing 

conservation efforts. 

Site factors such as aspect, slope, and elevation play a significant role in determining tree 

health by influencing microclimatic conditions, soil moisture availability, and exposure to 

stressors (Scwartz et al., 2020; Dupont et al., 2020; Tang et al., 2023). Differences in aspect 

determine sunlight availability, which in turn influences temperature, soil moisture, and tree 

growth. Carolina hemlock, with its slow growth and shade tolerance, is found predominately in 

shaded north to northwest facing aspects (Whittier et al., 2025). However, this species can thrive 

in dry, exposed south-facing ridges and bluffs due to its evergreen needles (Whittier et al., 2025; 

Humphrey 1989). Slope steepness directly affects rainfall distribution, water infiltration, and soil 

moisture retention. Steeper slopes experience greater runoff and reduced water infiltration, 

leading to drier soil and potential water stress for trees. In contrast, gentler slopes and convex 

topographical positions may retain more moisture and support higher tree vigor (Scwartz et al., 

2020). Soil characteristics, such as texture, pH, and nutrient composition, play a crucial role in 

determining tree health, as they influence root development, water availability, and nutrient 

uptake (Dupont et al., 2020). Furthermore, elevation influences temperature, humidity, and 

exposure to extreme weather conditions, all of which can affect tree health. Higher elevations 

tend to be cooler and experience greater wind exposure, which can contribute to mechanical 

stress on trees (Tang et al., 2023). However, cooler temperatures at higher elevations may also 
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limit HWA population growth, potentially offering a refuge for Carolina hemlock in some areas 

(Vose et al, 2013). Conversely, lower-elevation populations may be more vulnerable to HWA 

due to milder winter temperatures that facilitate adelgid survival and reproduction (Vose et al, 

2013). 

Stand conditions, including tree density and competition, further impact nutrient 

availability, tree vigor, and the spread of HWA. Increased competition between species results in 

reduced sunlight availability and ultimately reduced rates of photosynthesis (Zeng et al, 2024). 

Since Carolina hemlock is extremely shade-tolerant, it can persist in the understory until it is 

released by a gap in the canopy. However, HWA impacts are often more severe in densely 

shaded environments, leaving Carolina hemlocks in the understory vulnerable to infestation 

(Mayfield et al, 2023). Increased sunlight and reduced competition via the creation of canopy 

gaps result in greater recovery and overall resilience against HWA infestation for eastern 

hemlocks (Mayfield et al, 2023), and reduced rates of competition in natural stands may reveal 

similar characteristics in Carolina hemlocks.  

This study examines how stand conditions and site factors influence Carolina hemlock 

crown health indicators and tree vigor to inform conservation priorities and management 

strategies for mitigating HWA impacts. Through analyzing 13 sites across the southern 

Appalachian mountain range, my objectives were to: 1) Assess the current stand and site 

conditions in Carolina hemlock communities across its native range; 2) Evaluate the status of 

study trees based on the crown health metrics of foliage transparency and crown density, and 

branch health metrics dead tips, new foliage and HWA density; 3) Assess the trajectory of 

Carolina hemlock health based on tree health data collected in 2022 and 2024; 4) Quantify 

relationships between various stand and site factors and Carolina hemlock health; and 5) Identify 
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factors that promote resilience or contribute to stress and vulnerability to HWA infestation.  

Findings from this study will offer valuable insights into the conservation and management of 

this rare conifer.   

Methods 

Study Site and Tree Selection 

A total of 13 sites were selected across Virginia, North Carolina, and Tennessee, where 

Carolina hemlock populations are known to occur (Fig. 2.1). An inventory conducted by 

Gossman (2023) provided the foundation for implementing a stratified sampling design for 

selecting the sites and trees used in this study. Trees were classified into four classes based on 

foliage transparency ratings in 2022. Class 1 included trees with 85-100% foliage transparency; 

Class 2: 65-80% foliage transparency; Class 3: 40-60% foliage transparency; and Class 4: 15-

35% foliage transparency. This stratification ensured that tree health was well represented in the 

current assessment. The number of trees in each class at each site was summarized, and sites 

with trees in all four classes were prioritized to create a balanced design. Further, sites were 

selected across the Carolina hemlock extent to cover the variability of stand and site conditions 

occurring across the species native range. Of the sites selected in this study, treatment records 

indicate that Shope Creek, Looking Glass, Dobsons Knob, and Flat Top were partially treated, 

while Iron Mountain was fully treated, and no sites were considered untreated (Gossman 2023). 

Within each site, an average of ten trees were included as study trees, providing a total of 130 

trees.  If a target tree could not be located in the field due to mortality, removal, or GPS 

inaccuracy, a replacement tree was selected using foliage transparency to match the health class 

of the original tree as closely as possible. A total of 26 replacement trees (20%) were used in the 

dataset.  
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Plot Establishment and Data Collection 

Measurements were conducted to assess the current condition of each study tree (n = 130) 

and the conditions of the neighborhood surrounding the tree. Here the neighborhood was defined 

using a 10 m fixed radius plot (0.03 ha) centered on the individual study tree. Three 2 m radius 

subplots (0.001 ha) were established 3 m from the study tree at 120°, 240°, and 360° azimuths 

(Fig. 2.2).  

The following were recorded for the Carolina hemlock study tree at the center of each 

plot: diameter at breast height (DBH), crown class (dominant, codominant, intermediate, 

suppressed), paint indicating treatment status, and visual assessments of foliage transparency and 

crown density following the FIA protocol for crown health indicators in Schomaker et al. (2007).  

Percent change in DBH, foliage transparency, and crown density was calculated for each tree 

relative to its baseline measurements in 2022 (Gossman, 2023) to quantify growth and changes 

in canopy condition over time. Percent change was calculated as the difference between 2024 

and 2022 values divided by the 2022 value, multiplied by 100. Additional data on HWA density 

and branch health were collected following the HWA IPM protocols (Mayfield et al., 2020). 

Branch samples 25 cm in length were collected from each study tree at four cardinal directions 

(N, E, S, W), and counts were recorded for new foliage and dead tips on the first ten shoots (the 

terminal shoot and the nine most distal side shoots). Counts of new foliage and dead tips from 

the four branch tips were expressed as a percentage for each study tree. HWA ovisacs were 

counted up to 100 on the same branch tips and ovisac counts were averaged from the four branch 

tips to describe the infestation level of HWA on each study tree.  
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Within each 10 m radius tree plot, all trees with DBH 12 cm and greater were recorded. 

Measurements included species, DBH, distance from target tree, and crown class. These data 

served three main purposes. First, they were used to characterize stand structure across Carolina 

hemlock communities by calculating live stems per hectare, live basal area (m²/ha), and the 

relative proportions (%) of both metrics for each recorded species. Second, they were used to 

assess tree density within each plot by calculating total overstory basal area (m²/ha), overstory 

Carolina hemlock basal area (m²/ha), and overstory non-hemlock basal area (m²/ha). Finally, 

these data were used to calculate a live-tree competition index for each study tree using the 

Hegyi (1974) formula: 

 

where CI is the competition index, d is the study tree DBH (cm), di is the DBH (cm) of the ith 

competing tree, and disti is the horizontal distance (m) from the study tree to the competing ith 

tree, within a 10 m radius plot. Mayfield et al. (2023) found that competition had a significant 

influence on target tree responses following canopy gap treatments, specifically changes in 

crown transparency and basal area growth. Therefore, a competition index was chosen for this 

study as a means of evaluating the influence stand density has on the health of Carolina hemlock 

study trees. 

Within the 2 m radius subplots, all trees with a DBH 5 cm or greater and less than 12 cm 

were recorded, along with their species identity. I calculated total midstory basal area (m²/ha), 

midstory Carolina hemlock basal area (m²/ha), and midstory non-hemlock basal area (m²/ha) 

area within the 2 m radius plots to further understand the level of competition for each study tree. 

Canopy density was measured at the center of the three subplots using a spherical densiometer 

and was averaged for each plot to assess the amount of light available for each study tree. 
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ArcGIS Pro (Version 3.4; ESRI, 2024) was utilized to extract abiotic data, including 

slope, aspect, and elevation, based on the coordinates of study trees collected in the field. Digital 

Elevation Models (DEMs) were used to derive slope and aspect values for each target tree 

location, ensuring precise characterization of the local topography (North Carolina Center for 

Geographic Information and Analysis, 2023; Tennessee Department of Environment and 

Conservation, 2021; Virginia Geographic Information Network, 2023). The DEM resolution was 

0.9 m x 0.9 m for the North Carolina dataset, 0.7 m x 0.7 m for the Tennessee dataset, and 0.3 m 

x 0.3 m for the Virginia dataset. Since aspect is a circular variable measured in degrees, it was 

transformed into linear variables using sine and cosine functions, producing Eastness and 

Northness values ranging from -1 to +1. In this transformation, +1 represents due north or due 

east, while -1 represents due south or due west. Elevation data was directly extracted for each 

tree coordinate to account for site variability and its potential influence on tree health.  

Health Index 

A health index was developed to synthesize the crown condition of Carolina hemlock 

study trees, following the methodology of Mayfield et al. (2020) for the Crown Health Index. 

This index incorporates four percentage-based health metrics: foliage transparency, crown 

density, dead tips, and new foliage. It is calculated using the following formula: 

Health Index = ((100 – Foliage Transparency) + Crown Density + New Foliage – Dead Tips) / 4 

In this formula, higher values indicate healthier trees, while lower values reflect poorer crown 

condition. By integrating both crown and branch metrics, the index offers a comprehensive 

measure of overall tree health, supporting the analysis of biotic and abiotic factors that influence 

tree vitality.  
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Health Groups  

To categorize study trees from the current assessment into health groups, hierarchical 

cluster analysis was performed on the health index using the vegan package in R version 4.3.2 (R 

Core Team 2023). The Euclidean method was applied to generate the distance matrix, and 

Ward’s method was used to minimize variance within clusters. The resulting dendrogram 

exhibited a chaining percentage of 0.0242, indicating well-formed, distinct clusters. The elbow 

method was used to determine the optimal number of clusters, revealing three distinct health 

groups (1 = severely declining, 2 = declining, and 3 = healthy). The validity of these clusters was 

further supported by an average silhouette width of 0.52, suggesting that observations fit 

reasonably well within their assigned groups. These health groups were subsequently used to 

examine relationships between Carolina hemlock health and total basal area, total Carolina 

hemlock basal area, and total non-hemlock basal area. Additionally, health group assignment 

based on 2024 Carolina hemlock health data was applied to the 2022 dataset, and percent change 

in foliage transparency, crown density, and DBH were calculated to evaluate trends in Carolina 

hemlock health. Average DBH, foliage transparency and crown density were calculated for each 

health class during the two time periods.       

Data Analysis 

Multiple linear regression models were built to evaluate the influence of stand and site 

conditions on Carolina hemlock crown health and HWA density using the stats package in R 

4.3.2 (R Core Team 2023). The full model tested the responses of foliage transparency, crown 

density, percent change in DBH, new foliage, dead tips, HWA count, and health index to the 

predictor variables competition index, canopy density, midstory basal area, Carolina hemlock 

basal area, non-hemlock basal area, tree elevation, tree slope, eastness, and northness. Predictor 
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variables with a p-value < 0.05 were considered significant and retained in the final model, and 

bivariate linear regressions were performed between response variables and significant predictor 

variables. To check for multicollinearity amongst the predictor variables, I calculated variance 

inflation factors (VIF) using a cutoff of VIF = 3. None of the independent variables exceeded the 

cutoff value, and all independent variables were retained. An outlier analysis was conducted on 

the independent variables to identify influential observations using hat values and Cook’s 

distance. Six observations were flagged by Cook’s distance using a  threshold of > 4/number of 

observations. One observation had high leverage and exceeded the Cook’s distance threshold and 

was removed from the model. After reviewing the standardized residuals of observations flagged 

by the Cook’s distance using a cutoff of > 2, I removed five of the six flagged observations. I 

then re-ran the model with the remaining observations and compared its performance to the 

original model. The refined model, with outliers removed, showed improved performance, and 

was used for the final analysis. 

       Since new foliage and dead tips exhibited non-normal distributions, I applied a log 

transformation and square root transformation using the stats package in R 4.3.2 (R Core Team 

2023). I then performed Shapiro-Wilk tests on transformed and untransformed data to determine 

which model to retain for the final analysis. New foliage log-transformed and square-root-

transformed data failed the Shapiro-Wilk test (e.g. p < 0.05), while the untransformed data 

passed the Shapiro-Wilk test (p = 0.08656). Square root transformation of dead tips slightly 

improved normality of the residuals (i.e. highest Shapiro-Wilk test p-value). Therefore, I retained 

the untransformed model for new foliage and used the square root transformation of dead tips for 

the final analysis.  



   

29 

 

A mixed model analysis of variance was conducted using SAS software version 9.4 (SAS 

Institute Inc., Cary, NC) to assess the main effect of Carolina hemlock health class on total basal 

area (m²/ha) (total overstory + total midstory basal area), Carolina hemlock total basal area 

(m²/ha) (overstory Carolina hemlock + midstory Carolina hemlock basal area), and non-hemlock 

total basal area (m²/ha) (overstory non-hemlock + midstory non-hemlock basal area). Site and 

plot were included as random variables in the model. F-tests for the fixed effect were considered 

significant when p < 0.05 and mean separations were performed using Tukey-Kramer HSD. 

Results   

Species Composition 

Common cooccurring species of Carolina hemlock in this study were chestnut oak 

(Quercus montana Willd.), northern red oak (Quercus rubra L.), white oak (Quercus alba L.), 

red maple (Acer rubrum L), and eastern white pine (Pinus strobus L). Carolina hemlock 

represented the highest proportion of live stems in the overstory at 31% and shared dominance 

with chestnut oak based on relative live basal area (RBA) across the study plots (both with 22% 

RBA) (Table 2.1). Species dominance tended to vary between sites.  

In the midstory strata, common cooccurring species were mountain laurel (Kalmia 

latifolia L.), red maple, sourwood (Oxydendrum arboreum L.), downy serviceberry 

(Amelanchier arborea Michx. Fernald), and flowering dogwood (Cornus florida L.). Mountain 

laurel represented the highest proportion of live stems in the midstory at 36% across the study 

plots, while Carolina hemlock had the highest relative midstory basal area of 32% (Table 2.2) 

across the plots. Carolina hemlock was more dominant in the midstory than in the overstory, 

serving as the primary midstory species at eight of the thirteen study sites. Other dominant 

midstory species included black gum (Nyssa sylvatica Marshall) at Dobson’s Knob and Petite’s 
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Gap, mountain laurel at Looking Glass and Wildcat Ridge, and mockernut hickory (Carya 

tomentosa (Lam.) Nutt.) at Sinking Creek.  

Summary of Site Abiotic Variables and Treatment Status   

This study spanned a wide elevation gradient, with an average site elevation of 1,046 m. 

The elevation ranged from 656 m at Cliff Ridge, TN, to 1,554 m at Cold Mountain, NC. The 

average slope was 17°, with values spanning from 11° at several sites to a maximum of 26° at 

Iron Mountain. Sites generally had a southwest-facing aspect where conditions are typically drier 

due to increased sunlight exposure. Aspect ranged from west-facing (-0.54 eastness) at Cold 

Mountain, NC, east-facing (0.26 eastness) at Shope Creek, NC, south-facing (-0.40 northness) at 

Sinking Creek, VA, and north-facing (0.13 northness) at Wildcat Ridge, NC (Table 2.3). Five 

Carolina hemlock study trees, representing 4% of the total surveyed population, were marked 

with paint to indicate past treatment. These markings were found only at the Cold Mountain and 

Shope Creek sites.  

Foliage Transparency and/by Stand and Site Conditions   

Several stand variables were useful in explaining the variation in foliage transparency 

(F₂,₁₀₃ = 15.98, p = < 0.001) observed across Carolina hemlocks included in this study (Table 

2.4). Roughly 22% of the variability of hemlock foliage transparency (model adjusted R² = 0.22) 

was explained by positive relationships (i.e. positive ᵦ estimates) with competition index (R² = 

0.13, p = < 0.001) and canopy density (R² = 0.12, p = < 0.001). As competition index and canopy 

density increased, foliage transparency increased, revealing that both competition and light 

availability contribute to Carolina hemlock crown dieback (Fig. 2.3).   
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Crown Density and/by Stand and Site Conditions  

Both stand and site variables were useful in explaining the differences in Carolina 

hemlock crown density (F₂,₁₀₃ = 18.77, p = < 0.001) in this study (Table 2.4). Roughly 25% of 

the variability in hemlock crown density (model R² = 0.25) was explained by a negative 

relationship with competition index (R² = 0.21, p = < 0.001), and a positive relationship with 

elevation (R² = 0.03, p = 0.032). As the competition index increased, hemlock crown density 

decreased. Conversely, increased elevation was weakly associated with increased hemlock crown 

density (Fig. 2.4).    

New Foliage and/by Stand and Site Conditions  

Several stand and site variables were useful in explaining the variation of Carolina 

hemlock new foliage production (F₃,₁₀₂ = 11.08, p = < 0.001) in this study (Table 2.4). Roughly 

22% of the variation in hemlock new foliage production (Model Adjusted R² = 0.22) was 

explained by negative relationships with Carolina hemlock basal area (R² = 0.12, p = <0.001) 

and midstory basal area (R² = 0.05, p = 0.007). Carolina hemlock new foliage had a positive 

association with elevation in the final model (p = 0.004), but this relationship was not significant 

in the bivariate regression (R² = 0.01, p = 0.135). Increases in midstory basal area and Carolina 

hemlock basal area were associated with decreased new foliage production in hemlocks. In 

contrast, increased elevation was weakly associated with increased production of new foliage on 

hemlock study trees (Fig. 2.5).    

Dead Tips and/by Stand and Site Conditions  

When evaluating the response of dead tips to all predictor variables, only elevation was 

useful in explaining differences in Carolina hemlock dead tips (F₁,₁₀₄ = 4.65, p = 0.029) (Table 

2.4). Bivariate regression between dead tips and elevation reveals that roughly 3% of the 
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variation of Carolina hemlock dead tips is explained by elevation (R² = 0.03, p = 0.033). 

Therefore, higher elevation was weakly associated with increased dead tips on Carolina hemlock 

study trees (Fig. 2.6).   

HWA Density and/by Stand and Site Conditions   

Several stand and site variables were useful for explaining variations of HWA infestation 

densities (F₂,₁₀₃ = 5.74, p = 0.004) in this study (Table 2.4). Roughly 8% of the variation of HWA 

infestation (Model adjusted R² = 0.08) was explained by positive relationships with canopy 

density (R² = 0.02, p = 0.043) and tree elevation (R² = 0.04, p = 0.014). As canopy density and 

elevation increased, HWA density increased on Carolina hemlock trees (Fig. 2.7).   

 Health Index and/by Stand and Site Conditions      

Several stand and site variables were useful for explaining the variation in the Carolina 

hemlock health index (F₄,₁₀₁ = 11.47, p = < 0.001) in this study (Table 2.4). Roughly 28% of the 

variation in the health index (model adjusted R² = 0.28), was explained by negative relationships 

with competition index (R² = 0.09, p = 0.001), canopy density (R² = 0.08, p = 0.001), and 

Carolina hemlock basal area (R² = .10, p = < 0.001). Health index had a significant positive 

relationship with tree elevation in the final model (p = 0.001) but was not significant in the 

bivariate regression (R² = 0.02, p = 0.06). Increases in competition index, canopy density, and 

Carolina hemlock basal area were associated with declining health index values (Fig. 2.8).   

Percent Change in Study Tree DBH and/by Stand and Site Conditions   

The diameter of study trees remained relatively constant between the two sample periods. 

Therefore, there was not enough change in this variable to identify any significant influences 

from stand and site conditions.    
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Health Groups and/by Site Conditions  

The mixed model analysis of variance evaluating the main effect of Carolina hemlock 

health class on basal area indicated that the total basal area (df = 2,61, F = 3.06, P = 0.05) and 

total Carolina hemlock basal area (df = 2,61, F = 9.62, P = < 0.01) differed significantly among 

the three health classes while non-hemlock basal area did not (df = 2,61, F = 0.66, P = 0.51) 

(Table 2.5). Stands containing health class 3 trees (healthy) had a significantly lower total basal 

area compared to those with health class 1 trees (severely declining), with a percent difference of 

16.8%. The total basal area in stands with health class 2 trees (declining) did not differ 

significantly from those with health class 1 or 3 trees. Similarly, total Carolina hemlock basal 

area in stands with health class 3 trees were significantly lower compared to health class 1 and 2 

stands, with percent differences of 76.69% and 64.24%, respectively.  

Carolina Hemlock Health Trajectories   

Between 2022 and 2024, average foliage transparency and crown density worsened for 

health class 1 trees (Fig. 2.9 and 2.10). Foliage transparency increased from 61% to 68%, an 

11.5% rise, while crown density declined from 29% to 23%, a 20.7% decrease. In health class 2, 

foliage transparency increased from 54% to 58%, representing a 7.4% increase, while crown 

density remained stable at 33%. In contrast, health class 3 trees showed improvement: foliage 

transparency decreased from 49% to 41% (a 16.3% reduction), and crown density increased from 

44% to 49%, an 11.4% gain. Percent change in study tree DBH was relatively constant across the 

three health classes (Fig. 2.11). Carolina hemlocks in health class 3 showed the greatest growth, 

with a 3% increase from 2022 to 2024, followed by a 2% increase in health class 1 and a 1% 

increase in health class 2. 
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Discussion  

Stand Conditions  

The health and vigor of individual trees is often a product of the surrounding stand 

conditions (Zhang et al., 2019; Steckel et al 2020). Tree crowding directly impacts the ability of 

a tree to grow by controlling the amount of available space and access to resources (Steckel et al, 

2020). From a forest health perspective, overcrowding increases the vulnerability to pests and 

pathogens (Asaro et al, 2023), and trees exposed to stressful growing conditions are more likely 

to succumb to mortality (Zhang et al, 2019). When evaluating the response of eastern hemlock 

trees to canopy gap removal, hemlocks with the most competition removed have the strongest 

recovery, highlighting the relationship between competition and tree resilience (Mayfield et al., 

2023). Specifically, the amount of remaining live competition after canopy gap creation explains 

more than half of the variability in crown transparency and basal area growth in released eastern 

hemlock trees (Mayfield et al., 2023). Carolina hemlock trees exposed to higher levels of 

competition in natural stands have higher foliage transparency and lower crown density, 

identifying competition as a contributing factor to crown dieback. Healthy trees were more 

commonly occurring in stands with lower competition compared to declining and severely 

declining trees. Stress from competition may limit the ability of Carolina hemlock to recover 

from HWA feeding pressure, eventually leading to mortality.  

Like the relationship between competition and hemlock health, intra-species competition, 

expressed in terms of Carolina hemlock basal area, was identified as impacting the health of 

study trees. Increased levels of Carolina hemlock basal area were associated with reduced overall 

health and reduced new foliage, indicating that the increased presence of the species may lead to 

decreased resilience to HWA feeding pressure. In contrast, non-hemlock basal area was not 
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identified as having a significant relationship with any of the health metrics included in this 

study. This could be explained by clustering that occurs during Carolina hemlock establishment 

(Humphrey 1989), leading to overcrowding and competition for resources. Additionally, the 

evergreen needles of Carolina hemlock result in year-round competition for light between 

individuals, while non-hemlock species within these stands are often deciduous trees that are not 

competing for light during dormancy. As a result, stands with dense populations of Carolina 

hemlock may be less resilient to HWA infestation due to overcrowding and year-round 

competition for resources. Because stands with higher Carolina hemlock basal area tend to 

produce less new foliage, HWA populations are likely to crash once resources are depleted. The 

relationship between foliage production and HWA infestation is commonly described as a "boom 

and bust cycle". In this cycle, feeding by HWA causes significant defoliation in a hemlock, 

eventually leading to a crash in the local HWA population on that tree. In response, the hemlock 

produces new foliage, which then attracts a new wave of HWA. This cycle referred to as the 

hemlock "death spiral” repeats, gradually weakening the tree until it succumbs to mortality. .   

Midstory environments impact the health of trees in all forest strata by influencing the 

amount of light available to the understory and by competing with trees in the canopy for below 

ground resources. Forests with a dense evergreen shrub layer tend to have less biomass, a lower 

leaf area index, and stunted growth (Bolstad et al., 2018). Midstory basal area was identified as 

having a negative relationship with new foliage on Carolina hemlock study trees. By impacting 

the ability of the species to produce new foliage, dense midstory environments may inhibit 

Carolina hemlock from recovering from HWA feeding pressure. Like the impact of heightened 

intra-species competition, the rate of mortality may increase in stands with higher midstory basal 

area due to rapid boom and bust cycles between Carolina hemlock and HWA.   
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The rate of boom-and-bust cycles may affect the success of biological control strategies 

(Miniat et al., 2020; Mayfield et al., 2023). For instance, increased new shoot growth following 

canopy gap creation can enhance HWA populations temporarily, providing a more consistent 

food source for predatory beetles. Beetle predation is more effective in gap-released stands, 

resulting in lower HWA densities and reduced hemlock stress responses (Miniat et al., 2020). 

Additionally, released hemlocks have higher HWA densities due to greater new growth 

production following enhanced light availability (Mayfield et al., 2023). This finding signifies 

how silvicultural treatments, by promoting new shoot growth through increased light exposure, 

can help stabilize HWA populations and potentially enhance the effectiveness of biological 

control efforts. In natural stands with increased levels of intra-species competition and midstory 

basal area, the production of new growth may be insufficient to sustain HWA populations, 

leading to rapid boom and bust cycles. These unstable conditions can undermine biological 

control efforts by limiting the long-term availability of prey for introduced predators. Therefore, 

silvicultural treatments that promote increased light availability and new shoot growth for 

affected hemlocks may help stabilize HWA populations and improve the effectiveness of 

biological control.  

Shade as a positive feedback mechanism 

Carolina hemlock is extremely shade-tolerant, allowing this species to persist in the 

understory in stands where light is a limiting factor and eventually occupy gaps created in the 

canopy (Humphrey 1989). As a result, this species can often be found in closed-canopy systems. 

In the absence of HWA, this provides Carolina hemlock with a competitive advantage. However, 

HWA density has an inverse relationship with light levels, meaning that hemlocks with 

suppressed light availability may be more vulnerable to infestation (Mayfield and Jetton 2020). 
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Here we found that canopy density had a positive relationship with HWA density, highlighting a 

preference for shadier conditions and supporting evidence in earlier studies. Additionally, we 

found that increased canopy density was associated with increased foliage transparency in 

Carolina hemlocks. Decreased light availability in Carolina hemlock communities may be 

contributing to crown dieback and increasing vulnerability to infestation by creating optimal 

conditions for HWA settling and feeding. Since Carolina hemlocks often linger in the midstory 

until a gap is created in the canopy, midstory individuals are vulnerable to stress resulting from 

decreased light availability and HWA infestation. These conditions could lead to mortality in 

midstory Carolina hemlocks before they are able to reach the canopy. Over time, this would 

result in the transition of Carolina hemlock dominated stands to stands dominated by shrubs or 

broad-leaved deciduous trees such as oak and maple (Vose et al., 2013; Keyser et al 2023).       

 

Environmental Conditions   

The harsh environmental conditions that occur at high elevation Carolina hemlock sites 

potentially slow the rate of decline compared to levels observed in eastern hemlock (Potter et al, 

2017, Vose et al, 2013). Elevation was significantly associated with both tree health and HWA 

density. Historically, Carolina hemlock was restricted to high-elevation bluffs and ridges and 

expanded into lower elevation, midslope communities after the decline of American chestnut 

(Gossman 2023). At higher elevations, Carolina hemlock commonly occurs alongside species 

such as chestnut oak and Table Mountain pine (Pinus pungens Lamb.) Elevation is closely linked 

with cooler temperatures and drier site conditions, but no significant interactions were found 

between the stand and site variables included in this study. Higher elevations were positively 

correlated with improved Carolina hemlock health, marked by increased new foliage and greater 
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crown density, even as HWA density also increased. HWA populations are ephemeral and highly 

responsive to environmental conditions (Brantley et al., 2017; Mayfield and Jetton 2020; Vose et 

al., 2013). For example, freezing temperatures can cause HWA populations to crash, which 

partly explains why eastern hemlock decline is less severe in northern regions with higher 

elevations and consistently cooler climates (Vose et al., 2013). Typically, extreme conditions at 

higher elevations create unfavorable conditions for HWA, making Carolina hemlock populations 

in these areas less vulnerable to infestation from year-to-year. According to data from the 

National Weather Service, a significant cold front impacted the southern Appalachian region in 

December 2022, with temperatures dropping as low as −22°C (National Weather Service, n.d.). 

Since HWA populations begin to experience temperature-induced mortality around −20°C 

(Costa et al., 2008), such extreme conditions likely contributed to substantial declines in HWA 

abundance. This impact would have been especially pronounced at higher elevations, potentially 

explaining the observed increase in new foliage production and greater crown density in 

hemlocks at higher elevations in this study. HWA densities were also greater at higher 

elevations, which is likely a response to the flush of new foliage that followed the population 

decline caused by freezing temperatures.  

Management 

Declining Carolina hemlocks were most often found in stands characterized by high 

levels of both overall and intra-species basal area, suggesting that these conditions contribute to 

their decline. Silvicultural practices aimed at reducing competition and improving the health and 

vigor of residual trees are widely employed to manage forest pests (Zhang et al, 2019; Mitchell 

et al., 1983; Nowak et al., 2015). In most cases, tree vigor is either described as the ratio of 

annual growth of wood on the stem per unit of leaf area or as visual assessments of crown 
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conditions (Mitchell et al., 1983; Smallidge 2020). In lodgepole pine (Pinus contorta Dougl.) 

stands affected by mountain pine beetle (Dendroctonus ponderosae Hopkins), mortality greatly 

increases as tree vigor drops below 80 grams of wood production per m² of foliage, while trees 

with 100g/m² are rarely attacked or killed (Mitchell et al., 1983). Thinning has been shown to 

significantly increase the vigor of residual trees in lodgepole stands, effectively increasing 

resilience to the mountain pine beetle. Similarly, thinning is a highly effective practice for 

controlling southern pine beetle (Dendroctonus frontalis Zimmermann) outbreaks in the 

southeastern United States. Stands that are thinned within 5-6 years prior to southern pine beetle 

activity are significantly less likely to be attacked and affected compared to unthinned stands 

(Nowak et al., 2015), highlighting the importance of stand thinning to reduce the impact of 

southern pine beetle.   

In eastern hemlock stands affected by HWA, several studies have demonstrated the 

effectiveness of thinning and other silvicultural treatments in enhancing hemlock resilience 

(Mayfield et al., 2023; Piatek et al., 2017; Mayfield & Jetton 2020; Brantley et al., 2017; Miniat 

et al., 2020). For example, the creation of canopy gaps has been associated with improved crown 

transparency, even in the presence of increased HWA densities (Mayfield et al., 2023). 

Moreover, elevated light availability has been shown to reduce HWA settling rates (Mayfield & 

Jetton 2020), further supporting the role of improved stand conditions in promoting eastern 

hemlock health. 

Although Carolina hemlock and eastern hemlock typically occupy different ecological 

communities, findings from this study suggest that similar management strategies, specifically 

reducing stand-level competition and increasing light availability, may also enhance Carolina 

hemlock resilience. By reducing competition, residual Carolina hemlocks gain improved access 
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to above- and below-ground resources, increasing their capacity to tolerate or recover from 

HWA feeding pressure. Increased light exposure enhances photosynthetic activity, helping trees 

maintain nutrient uptake and foliage production despite infestation.   

Total basal area differed significantly between healthy and severely declining trees, 

averaging 37.23 m²/ha and 44.05 m²/ha, respectively. Similarly, total Carolina hemlock basal 

area showed significant differences between healthy and severely declining trees, as well as 

between healthy and declining trees (Table 2.5). In contrast, non-hemlock basal area did not 

differ significantly among the three health groups. These findings suggest that while overall 

stand density plays a role, intra-species basal area has a stronger influence on tree health, as 

indicated by the negligible effect of non-hemlock species. Consequently, dense Carolina 

hemlock stands may be more vulnerable to HWA induced mortality, likely driven by reduced 

resilience from intra-species competition. This study identified stands with a total basal area of 

40.23 m²/ha or higher, and a total Carolina hemlock basal area of 9.35 m²/ha or higher as at risk 

to decline. Compared to the initial 2022 health assessments, trees classified as declining or 

severely declining showed further deterioration in crown health, while healthy trees exhibited 

improved crown density and reduced foliage transparency. Therefore, in stands with higher total 

and hemlock basal area, hemlock crown health is declining over time, whereas in stands with 

lower basal area, hemlock crown health continues to improve. These silvicultural targets may 

serve as valuable thresholds for managing stand density and promoting long-term resilience. 

 

Conclusion  

Carolina hemlock is currently one of the most imperiled conifers in North America due to 

its limited distribution, isolated populations, low-genetic diversity, and susceptibility to HWA 
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infestation. This study focused on evaluating the influence of stand and site conditions on 

Carolina hemlock health to identify specific stand conditions that either support resilience or 

contribute to stress and vulnerability. After sampling 130 Carolina hemlock study trees, several 

important patterns emerged. Higher levels of competition and intra-species density were 

associated with increased foliage transparency and decreased crown density. Canopy density had 

a significant effect on both foliage transparency and HWA density, while midstory basal area 

was significantly linked to the production of new foliage. Elevation also played an important 

role, showing significant associations with canopy density, new foliage production, and HWA 

density. Currently, there are no studies documenting the use of silvicultural treatments for 

Carolina hemlock in HWA infested stands. This study identified key stand and site 

characteristics associated with Carolina hemlock health and produced potential basal area 

thresholds to inform silvicultural treatments for vulnerable populations.  
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Figures  

 

Figure 2.1. Study site locations across the geographic range of Carolina hemlock  in the 

Southern Appalachian region.  
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Figure 2.2. Selected Carolina hemlock trees served as the plot center for fixed area plots used to 

measure trees greater than or equal to 12cm DBH (10 m radius plot). . Subplots (2 m radius) 

were located 3 m away from plot center at 0°, 120°, and 240° azimuths to inventory trees 5< 12 

cm DBH. Additionally, canopy density was recorded at the three subplots.   
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Figure 2.3. Bivariate linear regression of the relationship between study tree foliage 

transparency and competition (A) and canopy density (%) (B).  
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Figure 2.4. Bivariate linear regression of the relationship between Carolina hemlock crown 

density and competition (A) and tree elevation (m) (B).   
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Figure 2.5. Bivariate linear regression of the relationship between new foliage and Carolina 

hemlock basal area (m²/plot) (A), midstory basal area (m²/plot) (B), and tree elevation (m) (C).   
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 Figure 2.6. Linear regression of the relationship between dead tips and tree elevation.  

 

 

 

 

 

 



   

48 

 

  

Figure 2.7. Bivariate linear regression of the relationship between HWA density and elevation 

(m) (A) and canopy density (%) (B).    
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Figure 2.8. Bivariate linear regression of the relationship between health index and competition 

(A), canopy density (%) (B), Carolina hemlock basal area (m²/plot) (C), and tree elevation (m) 

(D).    
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Figure 2.9. Change in foliage transparency by Carolina hemlock health class from 2022 to 2024   
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Figure 2.10. Change in crown density from 2022 to 2024 by Carolina hemlock health class.   
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Figure 2.11. Change in DBH from 2022 to 2024 by Carolina hemlock health class.  
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Tables  

Table 2.1 Forest stand characteristics at the 13 sites where the effects of stand and environmental 

variables on the crown health of Carolina hemlock were evaluated.   

Species Live Stems/ha Live BA (m2/ha) Relative Live Stems/ha (%) Relative Live BA (%) 

Acer rubrum 57.05 2.09 9.91 6.46 

Acer saccharum  4.16 0.18 0.72 0.56 

Amelanchier arborea 7.84 0.21 1.36 0.66 

Betula alleghaniensis  1.22 0.05 0.21 0.15 

Betula lenta 2.69 0.11 0.47 0.37 

Betula sp.  7.84 0.35 1.36 1.08 

Carya glabra 2.69 0.12 0.47 0.37 

Carya tomentosa  13.22 0.80 2.3 2.49 

Fraxinus americana 0.24 0.01 0.04 0.02 

Kalmia latifolia 0.24 0.00 0.04 0.01 

Liriodendron tulipifera 0.49 0.01 0.09 0.03 

Magnolia acuminata 2.20 0.11 0.38 0.33 

Magnolia fraseri 0.24 0.00 0.04 0.01 

Nyssa sylvatica  19.34 0.64 3.36 1.99 

Ostrya virginiana 3.18 0.06 0.55 0.19 

Oxydendrum arboreum 25.22 0.75 4.38 2.34 

Pinus echinata 0.49 0.01 0.09 0.03 

Pinus glabra 0.49 0.01 0.09 0.04 

Pinus pungens  12.0 0.75 2.08 2.32 

Pinus rigida  7.59 0.39 1.32 1.22 

Pinus strobus 29.63 1.86 5.15 5.77 

Pinus virginiana 14.20 0.51 2.47 1.58 

Prunus pensylvanica  0.73 0.01 0.13 0.05 

Prunus serotina 1.47 0.19 0.26 0.58 

Quercus alba 22.53 2.13 3.91 6.59 
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Table 2.1 (continued) 

Quercus coccinea 7.59 0.68 1.32 2.12 

Quercus montana 94.27 7.27 16.38 22.52 

Quercus rubra 56.56 5.64 9.83 17.48 

Quercus velutina 0.49 0.03 0.09 0.09 

Robinia psuedoacacia 0.73 0.05 0.13 0.17 

Tsuga caroliniana 178.99 7.24 31.09 22.42 
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Table 2.2 Midstory characteristics at the 13 sites where stand and environmental variables were 

evaluated for their influence on Carolina hemlock crown health.   

Species Live Stems/ha Live BA (m2/ha) Relative live stems (%) Relative live BA (%) 

Acer pensylvanica 4.08 0.01 0.60 0.44 

Acer rubrum 38.76 0.24 5.72 7.07 

Alder viridis 4.08 0.01 0.60 0.27 

Amelanchier arborea 16.32 0.11 2.41 3.43 

Betula lenta 6.12 0.05 0.90 1.51 

Castanea Dentata 12.23 0.07 1.80 2.38 

Carya tomentosa 4.08 0.03 0.60 0.99 

Cornus florida 12.24 0.08 1.81 2.40 

Fagus grandifolia 2.04 0.02 0.30 0.49 

Hamamelis virginiana  6.12 0.02 0.90 0.67 

Kalmia latifolia 246.82 0.84 36.45 25.11 

Nyssa sylvatica 10.20 0.05 1.51 1.36 

Ostrya virginiana 6.12 0.04 0.90 1.24 

Oxydendrum arboreum 18.36 0.12 2.71 3.66 

Pinus glabra 8.16 0.04 1.20 1.21 

Pinus strobus 8.16 0.05 1.20 1.51 

Pinus virginiana 6.12 0.03 0.90 0.85 

Prunus pensylvanica 2.04 0.01 0.30 0.38 

Quercus alba 2.04 0.02 0.30 0.63 

Quercus coccinea  8.16 0.02 1.20 0.51 

Quercus montana 10.20 0.07 1.51 1.96 

Quercus rubra 6.12 0.03 0.90 0.76 

Rhododendron maximum 10.20 0.05 1.51 1.39 

Tsuga caroliniana 179.51 1.06 26.51 31.69 
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Table 2.3 Summary of environmental variables by site  

Site Elevation (m) Slope (°) Eastness Northness Live 

Stems/ha 

CH Live 

Stems/ha 

Basal area 

(m2/ha) 

CH Basal Area 

(m2/ha) 

Bluff 

Mountain 

1363.29 11.86 -0.14 -0.05 611 239 38.24 13.65 

Cliff 

Ridge 

659.96 14.69 -0.06 -0.01 782 204 31.70 5.56 

Cold 

Mountain 

1554.29 17.51 -0.54 -0.14 637 296 36.90 12.49 

Cripple 

Creek 

895.48 15.67 -0.00 -0.24 458 140 25.26 5.51 

Dobsons 

Knob 

1032.40 11.53 -0.10 0.13 554 92 27.26 2.59 

Flat Top 1140.93 21.83 -0.31 -0.18 668 366 34.73 14.36 

Hawksbill 1120.76 20.12 -0.07 0.08 452 83 17.58 2.06 

Iron 

Mountain 

867.15 26.45 0.12 0.08 539 132 39.47 3.15 

Looking 

Glass 

1148.75 14.07 0.25 -0.06 641 205 31.16 8.68 

Petites 

Gap 

767.23 18.08 -0.33 -0.35 470 78 25.31 2.55 

Shope 1179.03 11.60 0.26 -0.22 612 177 48.04 9.71 

Sinking 

Creek 

964.91 19.34 0.15 -0.40 541 239 36.23 10.43 

Wildcat 910.31 17.13 -0.51 0.13 557 88 27.60 5.88 

All Sites 1046.67 16.91 -0.10 -0.09 578 180 32.27 7.43 
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Table 2.4 Final model summary reporting the response variables retained at the 0.05 significance 

level based on a full model including competition index, canopy density, Carolina hemlock basal 

area, non-hemlock basal area, elevation, slope, eastness, and northness.  

Response 

Variable 

Predictor 

Variable 

Parameter estimates ᵦ (SE) t Ratio  P-value Model F-statistic Model R² 

 

 

Foliage 

Transparency 

Intercept -4.47 (14.51) -0.30 0.820 F₂,₁₀₃ = 15.98 0.22 

Competition 

Index 

1.10 (0.29) 3.72 <0.001   

Canopy 

Density  

0.58 (0.16) 3.62 <0.001   

 

Crown Density 

 

Intercept 

 

29.74 (6.52) 4.55 < 0.001 F₂,₁₀₃ = 18.77 0.25 

Competition  

Index 

-1.55 (0.27) -5.60 < 0.001   

Elevation 0.01 (0.00) 2.76 0.006   

 

 

 

 

New Foliage  

Intercept 46.89 (11.87) 3.94 < 0.001 F₃,₁₀₂ = 11.08 0.22 

Carolina 

hemlock basal 

area 

-57.59 (12.37) -4.56 < 0.001   

Midstory basal 

area 

-407.92 (167.55) -2.43 0.016   

Elevation 0.03 (0.01) 2.91 0.004   

 

Dead Tips 

Intercept 0.27 (0.80) 0.34 0.732 F₁,₁₀₄ = 4.65 0.03 

Elevation  0.00 (0.00) 2.15 0.033   

 

 

 

HWA  

Intercept  -43.37 (18.32) -2.36 0.020 F₂,₁₀₃ = 5.74 0.08 

Canopy 

Density 

0.40 (0.18) 2.23 0.028   

Elevation  0.01 (0.00) 2.65 0.009   

 

 

 

 

Health Index 

Intercept  53.58 (11.31) 4.73 < 0.001 F₄,₁₀₁ = 11.47 0.28 

Competition 

Index 

-0.59 (0.20) -2.88 0.004   

Canopy 

Density 

-0.29 (0.11) -2.62 0.009   

Carolina 

hemlock basal 

area 

-19.87 (4.94) -4.01 < 0.001   

Elevation 0.01 (0.00) 3.30 0.001   
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Table 2.5 Total basal area, Carolina hemlock total basal area, and non-hemlock total basal area 

means and standard errors for each Carolina hemlock health class.  

 

Health Class 

Total BA 

(m²/ha) 

Carolina hemlock total BA 

(m²/ha) 

Non-hemlock total Ba 

(m²/ha) 

1 44.05 (3.20) a  11.13 (1.50) a 32.81 (2.83) a 

2 40.23 (3.13) ab 9.65 (1.45) a 30.50 (2.77) a 

3 37.23 (3.11) b 4.96 (1.44) b 32.26 (2.75) a 
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Chapter 3: Soils across the Carolina Hemlock Range 

Abstract  

Carolina hemlock (Tsuga caroliniana Engelmann) is a rare conifer endemic to the 

Southern Appalachian Mountains, typically found at elevations up to 1500 m on exposed bluffs 

and ridges with shallow, rocky soils, as well as in protected valleys and ravines around 600 m 

where soils are generally deeper. The species is increasingly threatened by the spread of the 

hemlock woolly adelgid (Adelges tsugae Annand), a non-native insect responsible for the 

widespread decline of Tsuga species throughout the eastern United States. Effective conservation 

of Carolina hemlock requires a more comprehensive understanding of its ecological 

characteristics. This study analyzed soils from which 130 Carolina hemlock trees were growing 

from 13 sites across the species’ native range. Dominant soil families and soil physical properties 

common in Carolina hemlock sites were identified and described. Chemical and nutrient profiles 

were assessed at the plot level to capture within-site variability of soil properties. Results 

indicate that Carolina hemlock commonly occurs on highly acidic, young soils with minimal 

horizon development and textures ranging from sandy loam to stony loam. Hierarchical cluster 

analysis, followed by pairwise comparisons, identified four significantly different Carolina 

hemlock community types, and four significantly different soil types. Carolina hemlock 

communities predominately occurred on a single soil type characterized by elevated 

concentrations of acid-forming cations (e.g., aluminum and iron), moderate levels of pH and 

organic matter, and low total exchange capacity. In contrast, the other three soil types exhibited 

higher organic matter content, elevated concentrations of base cations (e.g., calcium and 

magnesium), and increased soil pH and total exchange capacity, indicating more fertile soil 

environments and a broader ecological range than previously understood for the species.                   
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Introduction  

Carolina hemlock (Tsuga caroliniana Engelmann.) is a rare conifer endemic to the 

southern Appalachian Mountains. It is one of nine naturally occurring species within the Tsuga 

genus and is characterized by a long slender trunk and narrow crown with slightly drooping 

branches (U.S. Department of Agriculture, Forest Service, n.d.). The species has evolved a 

stress-tolerant life history strategy exemplified by its slow growth, shade tolerance, and 

evergreen foliage (Humphrey 1989). Its populations are small and isolated and are often found at 

high elevations up to 1500m on exposed bluffs and ridges where it withstands high winds and 

freezing temperatures, but can also be found within protected, moist, low elevation valleys 

around 600m (Humphrey 1989).  

Since the introduction of the hemlock woolly adelgid (HWA) to the eastern United 

States, the species’ recruitment and regeneration have sharply declined (Keyser et al. 2023; 

Gossman 2023; Wofford in prep), raising serious concerns about its long-term survival. HWA is 

a piercing-sucking hemipteran that feeds on the xylem-ray parenchyma cells at the base of 

hemlock needles. In its native range of East Asia and the western United States, HWA has a 

commensal relationship with Tsuga species due to a long history of co-evolution (Limbu et al., 

2018). In addition, several native predatory beetle species in those regions help regulate HWA 

populations. In contrast, hemlock species in the eastern United States, including eastern hemlock 

(Tsuga canadensis (L.) Carr.) and Carolina hemlock, lack both evolved resistance to HWA and 

natural predators (Oten et al., 2014). As a result, they are highly susceptible to mortality 

following HWA infestation, often occurring in as little as 5-10 years (Levy & Walker 2014).   

Studies have signaled that the potential loss of Carolina hemlock is projected to lead to declines 

in wildlife populations, shifts in forest structure, and alterations to hydrological processes (Ford 
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et al. 2012; Vose et al. 2013). The conservation of Carolina hemlock is dependent upon a 

thorough understanding of the species’ ecology.  

Several studies have provided descriptions of the communities it forms (Keyser et al. 

2023; Gossman 2023; Jetton et al, 2008; Rentch et al., 2000; Humphrey 1989), shedding light on 

the environmental conditions such as topography, aspect, slope, and associated species that 

support its presence. NatureServe, a nonprofit organization specializing in biodiversity data, 

recognizes three distinct Carolina hemlock community types: typic, pine, and mesic (as a note, 

typic and mesic are also used in soil taxonomy with different connotations). The typic type is 

often found on narrow ridges and north-facing slopes, where Carolina hemlock dominates 

alongside a dense shrub layer of ericaceous species such as mountain laurel (Kalmia latifolia L.) 

and Catawba rhododendron (Rhododendron catawbiense L.) (NatureServe 2024). The pine type 

is found on dry, shallow soils of exposed, southwest-facing slopes and ridges, where Carolina 

hemlock coexists with various pine species (NatureServe 2024). The mesic type occurs in valley 

bottoms, gorge slopes, and other sheltered landforms, where Carolina hemlock grows with 

eastern hemlock and eastern white pine (Pinus strobus L.) (NatureServe 2024). These 

community types offer insight into the diverse ecological settings Carolina hemlock inhabits. 

Although the current scientific literature identifies several Carolina hemlock communities, little 

is known about the overall soil characteristics in the habitats occupied by Carolina hemlock.   

Soil nutrients are vital for the growth and development of trees through the regulation of 

chemical processes such as photosynthesis and responses to abiotic and biotic stressors (Ahmed 

et al., 2024; Khan et al., 2023; Wang et al., 2013; Sagwal et al., 2023). Soil macronutrients 

nitrogen (N), phosphorus (P), and potassium (K) are required by trees in large amounts to 

support proper functioning. N contributes to the formation of amino acids in trees, leading to the 
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development of proteins and enzymes necessary for growth and function. Additionally, N is a 

component of the chlorophyll molecule responsible for absorbing sunlight energy used in 

photosynthesis (Ahmed et al., 2024). P is an important nutrient for regulating and enhancing 

stress responses in trees, such as heat and drought tolerance (Khan et al., 2023) and helps 

facilitate the transfer of energy and carbohydrates between organelles in leaf cells (Hawkesford 

et al., 2023). Like P, K also plays an important role in regulating and enhancing abiotic stress 

tolerance and is also associated with increased resilience to biotic stressors (Wang et al., 2013).  

Although required in smaller amounts, soil micronutrients boron (B), calcium (Ca), 

copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), sulfur (S), and zinc (Zn) are crucial 

for plant growth and development. B is associated with its role in the composition of cell walls, 

its facilitation of the transfer of sugar, and germination of pollen grains. In acidic soils such as 

those in Carolina hemlock communities, B deficiency is common (Sagwal et al., 2023). Ca 

provides structural support to cell walls and membranes and helps facilitate osmoregulation, 

which is the proper balancing of water and electrolytes in trees (Hawkesford et al., 2023). Cu is 

an enzyme activator in plants, making it an important nutrient for electron transport and energy 

capturing. This micronutrient is rarely deficient in soil, though sandy soil can be deficient. Fe is 

vital for plant growth through its promotion of chlorophyll production and activation of 

respiration, photosynthesis, and nitrogen fixation. Soil pH effects the availability of iron, with 

iron becoming more soluble and accessible as soil pH decreases (Sagwal et al., 2023). Mg, like 

N, is a component of chlorophyll and is required for photosynthesis in trees (Hawkesford et al., 

2023). Similarly, Mn is also important for the synthesis of chlorophyll. Lastly, Zn provides 

structural support for several enzymes, aiding in the formation of over 80 different protein 
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structures in plants (Sagwal et al., 2023). Like B, Zn can also be deficient in acidic soils 

characteristic of Carolina hemlock communities.   

The physical and chemical properties of soil determine nutrient and water holding 

capacities and availability for plants, referred to as total exchange capacity (TEC) and available 

water capacity (AWC) (Kennedy, 2022; Raj et al., 2017; Saha, 2014). Soil with a significant rock 

component, such as those found in Carolina hemlock sites (Humphrey 1989), has a lower 

capacity to hold water. Additionally, soil pH levels determine the availability of nutrients for 

plants by influencing their chemical structure (Kennedy, 2022). The optimal pH level for the 

availability of nitrogen in the form of nitrate is between 6.0 and 7.5, and this same range 

promotes the availability of phosphorus. In contrast, the availability of potassium remains stable 

across a wider pH range from 5.5 to 8.0 (Kennedy, 2022).    

Carolina hemlock communities are regularly described as occurring on dry, well-drained, 

highly acidic, and nutrient-poor soils, typically coarse-sandy to sandy-loam in texture 

(Humphrey 1989, Jetton et al., 2008; Rentch et al., 2000; Keyser et al., 2023). However, this 

description does not capture the range of site conditions where the species occurs. It should also 

be noted that the use of the term ‘dry’ to describe soils is not well defined, and it could be 

inferred that a more appropriate term is available water capacity. Available water capacity, as 

defined by the National Soil Survey Handbook, is the volume of water that should be available to 

plants if the soil, inclusive of fragments, were at field capacity. For example, Humphrey (1989) 

described soil at one of the plots as being very moist during moist periods and very dry during 

dry periods. This description is consistent with the properties captured by available water 

capacity. Furthermore, the only description of soil chemical and nutrient properties in Carolina 

hemlock communities is from Jetton et al (2008), where it was recorded that soils within the 
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species’ distribution were highly acidic and had low concentrations of phosphorus, potassium, 

calcium, magnesium, copper, and sodium, but had optimum levels of B, S, and Fe.  

Conservation plans to support and bolster populations of rare/threatened species benefit 

from identifying the most suitable habitats including the plant community composition and the 

physicochemical environment. Carolina hemlock, which has one of the most limited ranges of 

any species in the Tsuga genus, faces challenges for in-situ conservation. Locating habitats that 

match the species’ ecological characteristics could help identify environments capable of 

supporting this imperiled conifer. Through the collection and analysis of soils associated with 

130 individuals from across the species’ distribution, this research seeks to enhance the current 

understanding of soil conditions in Carolina hemlock communities. My primary objectives are 

to: 1) Describe the nutrient composition, texture, and physical properties of soils in Carolina 

hemlock communities; 2) Identify and describe the vegetative communities and soil composition 

classes across the study range; 3) Evaluate the relationship between soil composition and 

vegetative community types; and 4) Compare the soil and vegetation composition using 

NatureServe community types and the vegetation community types identified in this study.  

Methods   

Site Description 

Thirteen sites along the southern Appalachian Mountain range were chosen based on 

their ability to represent varying levels of Carolina hemlock health status and to capture the 

variability of environmental conditions that occur along the Carolina hemlock species’ 

distribution (Fig. 2.1).  

Site elevations ranged from 608 to 1,578 m, with slopes varying between 1.9° and 46.8°. 

Common overstory tree species associated with Carolina hemlock included chestnut oak 
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(Quercus montana Willd.), northern red oak (Quercus rubra L.), white oak (Quercus alba L.), 

red maple (Acer rubrum L.), and eastern white pine (Pinus strobus L.) (Chapter 2, Table 2.1). 

Carolina hemlock represented the highest proportion of live stems in the overstory at 31% and 

shared dominance with chestnut oak based on relative live basal area (RBA) across the study 

plots (both with 22% RBA) (Chapter 2, Table 2.1).  

Associated species in the midstory (5 cm ≤ DBH < 12 cm) were mountain laurel (Kalmia 

latifolia L.), red maple, sourwood (Oxydendrum arboreum L.), downy serviceberry 

(Amelanchier arborea Michx. Fernald), and flowering dogwood (Cornus florida L.). Mountain 

laurel represented the highest proportion of live stems in the midstory at 36.45%, while Carolina 

hemlock was the dominant species with a relative midstory basal area of 31.69% (Chapter 2, 

Table 2.2).   

 

Plot Establishment and Data Collection 

Data collection occurred within a total of 130 plots across the 13 sites, averaging 10 plots 

per site. Each plot had a 10 m (0.03 ha) radius with a designated Carolina hemlock study tree at 

plot center, and three 2 m (0.001 ha) radius subplots placed 3 m away from plot center at 120°, 

240°, and 360⁰ azimuths (Chapter 2, Fig. 2.2).  Within the 10 m radius overstory plot, trees 

greater than or equal to 12 cm in diameter were recorded for DBH, species, crown class 

(dominant, co-dominant, intermediate, suppressed), and distance to the Carolina hemlock study 

tree. Within the 2 m radius midstory subplots, trees less than 12 cm in diameter and greater 

than/equal to 5 cm in diameter were recorded for DBH and species. Overstory and midstory 

vegetation data was used to describe species composition at the plot level and to identify 

vegetation community types that were occurring across the study sites.    
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Additionally, canopy density was recorded using a spherical densiometer and soil 

samples were collected using a soil probe at a depth of 15 cm at the center of each subplot. Soil 

samples were aggregated into a single bag to provide a plot average. Samples were then placed 

in aluminum trays and allowed to dry before being sent to Brookside Laboratory (New Bremen, 

OH) for analysis. Soil variables included in the analysis were total exchange capacity, organic 

matter content, pH, macronutrients (N, P, K), and micronutrients (Al, B, Ca, Cu, Fe, H, Na, Mg, 

Mn, S, Zn,).   

 Study tree coordinates were used to extract supplemental soil data in Natural Resource 

Conservation Service (NRCS) Web Soil Survey (WSS). To capture the area covered in this 

study, a 10 m buffer was placed around each plot center coordinate and overlapping points were 

joined into a single polygon to create an area of interest (AOI). The parameters for the WSS 

report were dominant condition up to 80 cm in depth. The soil report included soil name, percent 

sand, percent silt, percent clay, depth to bedrock (cm), and AWC (cm water/cm soil). In 

consideration of the coarse nature of WSS data, the data were summarized at the site level and 

were used to describe the general characteristics of the species’ distribution. Additionally, Digital 

Elevation Models (DEMs) were used to derive slope, aspect, and elevation values in ArcGis Pro 

(Version 3.4; ESRI, 2024) (Chapter 2).    

Data Analysis   

Vegetative Community Types  

Hierarchical cluster analysis was conducted using the vegan package in R version 4.3.2 

(R Core Team, 2023) on a species matrix which included overstory and midstory composition 
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summarized by basal area per hectare. The analysis used Bray-Curtis to construct the 

dissimilarity matrix and Ward’s method to minimize within-cluster variance during clustering.  

A PERMANOVA test (p < 0.05) was performed on a maximum of ten groups to assess 

whether community types differed significantly. Pairwise comparisons were then performed to 

determine the number of community types to retain in the analysis by identifying the number of 

communities that were significantly different from one another. To further interpret the 

clustering results, an indicator species analysis was conducted to identify species unique to each 

community type. Vegetation community types that lacked indicator species and closely 

resembled other communities were excluded from the final classification.  

Non-metric multidimensional analysis (NMDS) was performed using Bray-Curtis for the 

dissimilarity matrix to further examine the species associated with the community types and to 

understand how soil variables differ amongst the vegetation communities. To interpret these 

associations, species and soil variables were evaluated based on their alignment with each 

community type centroid along the NMDS axes. A cutoff of R² > 0.10 was used to identify 

associated species and a cutoff of  R² > 0.05 was used to filter soil variables associated with the 

different vegetation communities. Additionally, sites were classified as NatureServe community 

types based on vegetation composition. Differences in both vegetation and soil composition were 

then evaluated using the plant community classification developed in this study alongside 

NatureServe’s classification. 

Soil physical, chemical, and nutrient properties   

To characterize soil physical properties using data from the WSS report, site-level 

weighted averages of the soil texture components sand (%), silt (%), and clay (%) were 
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calculated based on the proportional area each map unit contributed to the site's area of interest, 

as well as range-level averages.  

Additionally, mean and standard error were calculated for the soil variables TEC 

(meq/100g), organic matter content, pH, macronutrients (N, P, K), and micronutrients (Al, B, Ca, 

Cu, Fe, H, Na, Mg, Mn, S, Zn) at the plot, site, and range-level in order to capture within-site 

variability and to contribute to the overall understanding of Carolina hemlock soil conditions. 

Plot-level chemical and nutrient profiles were used to identify soil composition classes.      

Soil Composition Classes 

A hierarchical cluster analysis was performed using the vegan package in R (version 

4.3.2; R Core Team, 2023) to identify soil composition classes based on the soil chemical and 

nutrient profile data collected from the 130 plots. The analysis used Euclidean distance to 

construct the dissimilarity matrix and Ward’s method to minimize within-cluster variance during 

clustering.  

To assess the significance of differences among soil composition classes, a 

PERMANOVA test was performed on a maximum of ten groups with a significance threshold of 

p < 0.05. To determine the appropriate number of classes to include in the analysis, a pairwise 

comparison was conducted to identify the number of classes that were significantly different 

from one another.  

Principal component analysis (PCA) was conducted to examine how soil composition 

varied among the four soil classes and to evaluate species composition amongst the soil classes. 

Site centroids were calculated for each soil class and compared to soil variable and species 
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loadings to assess their multivariate relationships. To interpret these associations, the soil 

variables and species were identified based on their alignment with each centroid along the PCA 

axes. A cutoff of R² > 0.50 was used to identify associated soil variables, and a cutoff value of R² 

> 0.05 was used to identify associated species. 

Association Between Vegetation Communities and Soil Types   

Procrustes analysis was conducted with both NMDS vegetation and soil ordinations as 

the inputs to evaluate the similarities between vegetation composition and soil properties in 

multivariate space using the vegan package in R version 4.3.2 (R Core Team 2023). A 

significance threshold of p < 0.05 was used to determine if the vegetation and soil ordination 

data is significantly correlated.  

Results    

Vegetation Communities  

Hierarchical cluster analysis revealed that vegetation communities tended to cluster by 

plots with minimal inter-site clustering, indicating high within-site and between site variability of 

vegetation composition (Fig. 3.1). The PERMANOVA test revealed that vegetation composition 

was significantly different amongst the ten established groups (p < 0.001). A pairwise test 

revealed significant differences in vegetation composition for up to seven groups (p = 0.021). 

However, indicator species analysis showed that only four of these groups contained unique 

species. Furthermore, pairwise comparisons indicated that differences were stronger between 

four groups (p = 0.006) compared to seven (p = 0.021). Therefore, four community types were 
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retained for further analysis. All sites represented at least two vegetation community types except 

for Cliff Ridge, Flat Top, and Iron Mountain which were grouped into three community types.    

Carolina hemlock plant communities 

A four-dimensional NMDS ordination revealed clear vegetation and soil compositional 

differences among the four plant communities (stress = 0.145) (Fig. 3.3 A & B). Community 

type 1 was an Oak-Pine-Hickory Forest, represented by 50 plots, and had a weak negative 

association with NMDS1 (-0.20) and moderate positive association with NMDS2 (0.26). Species 

with negative NMDS1 associations and positive NMDS2 associations include sugar maple (Acer 

saccharum Marshall) (R² = 0.10), white oak (Quercus alba L.) (R² = 0.32), northern red oak 

(Quercus rubra L.) (R² = 0.40), black cherry (Prunus serotina Ehrh.) (R² = 0.10), Betula sp. (R² 

= 0.12), pignut hickory (Carya glabra (Mill) Sweet) (R² = 0.11), and mockernut hickory (Carya 

tomentosa Nuttall) (R² = 0.15), suggesting that these species are associated with the Oak-Pine-

Hickory Forest community type. Soil variables with negative NMDS1 loadings and positive 

NMDS2 loadings included TEC (R² = 0.06), pH (R² = 0.15), Ca (R² = 0.09), Mg (R² = 0.06), K 

(R² = 0.06), and Cu (R² = 0.21), suggesting that these soil properties are related to this forest 

type. The Oak-Pine-Hickory Forest occurred at an average elevation of 1,058 meters, with a 15° 

slope on south-facing aspects. The overstory was dominated by Virginia pine (Pinus virginiana 

P. miller), white oak and northern red oak; while the midstory was characterized by downy 

serviceberry (Amelanchier arborea (F. Michx.) Fernald), Carolina hemlock, and eastern 

hophornbeam (Ostrya virginiana (Mill.) K. Kock). Betula sp. in the overstory were significant 

indicators of community type 1 (p = 0.031) (Table 3.1).    
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Community type 2 was a Carolina Hemlock-Oak-Laurel Forest, represented by 26 plots, 

with weak negative association along NMDS1 (-0.18) and weak negative association along 

NMDS2 (-0.16). Carolina hemlock is the only species negatively associated with both axes (R² = 

0.22), suggesting that this species is strongly associated with this community type. Soil variables 

with negative loadings on both axes include P (R² = 0.08) and Mn (R² = 0.17), suggesting that 

these variables help describe this forest type. The Carolina Hemlock-Oak-Laurel Forest occurred 

at an average elevation of 1,135 meters, with an 18° slope on southwest-facing aspects. The 

overstory was dominated by Carolina hemlock, northern red oak, and white oak, while the 

midstory included Carolina hemlock, downy serviceberry, and mountain laurel (Kalmia latifolia 

L). Indicator species included American chestnut (Castanea dentata (Marshall) Borkhausen) (p = 

0.005) in the midstory and black locust (Robinia pseudoacacia L.) (p = 0.019) in the overstory 

(Table 3.1).     

Community type 3 was a Pitch Pine-Chestnut Oak-White Pine Heath Forest, represented 

by 34 plots, and was the most distinct with its centroid located furthest along the NMDS1 axis 

(0.53), suggesting a unique species composition in relation to the other community types. 

Species positively correlated with NMDS1 include red maple (Acer rubrum L.) (R² = 0.14), 

Scarlett oak (Quercus coccinea Muenchh.) (R² = 0.18), eastern white pine (Pinus strobus L.) (R² 

= 0.37), sourwood (Oxydendrum arboreum L. DC.) (R² = 0.10), mountain laurel (R² = 0.10), 

midstory black gum (Nyssa sylvatica Marshall) (R² = 0.16), and overstory black gum (R² = 0.11). 

The only soil variable positively associated with NMDS1 and negatively associated with 

NMDS2 is H (R² = 0.14), suggesting a close association with this forest type. The Pitch Pine-

Chestnut Oak-White Pine Heath Forest was found at an average elevation of 983 meters, with an 

18° slope on southwest-facing aspects. The overstory was dominated by chestnut oak (Quercus 
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montana Willdenow), pitch pine (Pinus rigida P. Mill.), and eastern white pine. The midstory 

was composed of black gum, mountain laurel, and eastern white pine. Several species were 

significant indicators of this community type. In the overstory, black gum and pitch pine were 

both significant (p = 0.001). In the midstory, indicator species included mountain laurel (p = 

0.001), black gum (p = 0.001), great laurel (Rhododendron maximum L.) (p = 0.008), chestnut 

oak (p = 0.016), and eastern white pine (p = 0.040) (Table 3.1).   

Community type 4 was a Carolina Hemlock-Chestnut Oak-Hickory Forest, represented 

by 20 plots, and was weakly negatively correlated with NMDS1 (-0.18) and moderately 

negatively correlated with NMDS2 (-0.31). Carolina hemlock is strongly associated with this 

community type (R² = 0.22). Additionally, chestnut oak had a strong negative correlation with 

NMDS2 (R² = 0.22), indicating an association with community type 4. Soil variables P (R² = 

0.08) and Mn (R² = 0.17) also share negative associations with both NMDS axes, suggesting an 

association with this forest type. The Carolina Hemlock-Chestnut Oak-Hickory Forest occurred 

at an average elevation of 975 meters, with an 18° slope on southeast-facing aspects. The 

overstory was dominated by chestnut oak, northern red oak, and Carolina hemlock, while the 

midstory was Carolina hemlock and mockernut hickory. Overstory indicator species included 

eastern hophornbeam (p = 0.001) and fire cherry (Prunus pensylvanica L.) (p = 0.004), while 

mockernut hickory was a significant midstory indicator (p = 0.016) (Table 3.1).     

When using NatureServe Carolina hemlock plant communities to evaluate soil conditions 

it was revealed that the Tsuga caroliniana - (Tsuga canadensis) / Rhododendron 

maximum Forest (mesic type) is defined by low TEC, pH, organic matter %, and high 

concentrations of Al, Cu, Mn, S, and H. The soil condition in the Tsuga caroliniana/Kalmia 

latifolia – Rhododendron Catabiensis Forest (typic type) is defined by moderate TEC, pH, 
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organic matter %, elevated concentrations of N, low P, and moderate K, with micronutrient 

composition characterized by elevated B, Fe, Mg, and Zn. In the Tsuga caroliniana - Pinus 

(rigida, pungens, virginiana) Forest (pine type) soil condition is defined by elevated TEC, pH, 

organic matter %, and high concentrations of Ca and Na Table (3.2 and 3.3).  

Soil Classes       

Hierarchical cluster analysis revealed that sites tended to group together based on soil 

composition, indicating less soil variability between each site (Fig. 3.2). The PERMANOVA test 

revealed that soil composition was significantly different amongst the ten established groups (p < 

0.001). However, pairwise comparison revealed that only four soil classes had significantly 

different composition from one another (p = 0.006). Therefore, four soil classes were retained for 

further analysis. Most sites represented only one soil class except for Cripple Creek, Flat Top, 

Hawksbill, Looking Glass, Petites Gap, and Sinking Creek which were grouped into two soil 

classes. Bluff Mountain represented the most diverse soil composition, belonging to three soil 

classes. Results for the general soil characteristics across the Carolina hemlock sites sampled in 

this study are in the appendix.      

Soil and Vegetation Composition by Soil Class 

PCA revealed several distinct relationships between soil, vegetation composition, and soil 

class (Fig. 3.4 A & B). Soil type 1, represented by 95 plots, was characterized by a moderate 

negative association with PC1 (-0.23) and a weak negative association with PC2 (-0.14). The 

only soil variable with negative associations with both axes was Al (R² = 0.72). Species with 

negative PC1 correlations included sourwood (R² = 0.09), mountain laurel (R²  = 0.08), and 

black gum (R² = 0.08). Compared to the other three soil types, soil type 1 had a moderate organic 
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matter content (18.38%), a moderate soil pH (4.1), and the lowest TEC (5.5 meq/g) (Fig. 3.5). 

Macronutrient composition for soil type 1 is defined by a moderate N (125.3 N/acre), moderate P 

(11.4 mg/kg), and moderate K (74.0 mg/kg) (Fig. 3.6). Micronutrient composition is defined by 

elevated concentrations of Al (1206.8 mg/kg), Fe (222.6 mg/kg), Cu (0.65 mg/kg), S (19.6 ppm), 

H (62.2 %), and decreased concentrations of Ca (186.6 mg/kg), Mg (47.2 mg/kg), and Zn (2.2 

mg/kg) (Fig. 3.7)  

Soil type 2, represented by 17 plots, showed a strong positive association with PC2 

(1.20). Soil variables with strong positive loadings on PC2 included organic matter content (R² = 

0.74), H (R² = 0.77), TEC (R² = 0.72), and Zn (R² = 0.50), indicating that these variables are 

most strongly associated with Soil type 2. Species associated with positive PC2 scores included 

mountain laurel (R² = 0.08), sourwood (R² = 0.09), and black gum (R² = 0.08) indicating these 

species may also be associated with soil type 2. Soil type 2 has the highest organic matter content 

(52.8%), the lowest pH (3.8), and moderate TEC (9.9 meq/g) (Fig. 3.5). Macronutrient 

composition is characterized by the highest N (129.7 N/acre), moderate P (10.7 mg/kg), and 

moderate K (76.3 mg/kg) (Fig. 3.6). Micronutrient composition is defined by elevated 

concentrations of Na (12.18 mg/kg), H (65.6%), and decreased concentrations of Al (376.2 

mg/kg), B (0.24 mg/kg), Ca (358.9 mg/kg), Cu (0.34 mg/kg), Fe (95.4 mg/kg), Mn (16.4 mg/kg), 

and S (9.8 ppm) (Fig. 3.7).   

Soil type 3, represented by 9 plots, exhibited a strong positive association with PC1 

(1.54). Variables with strong positive PC1 loadings included Ca (R² = 0.82), pH (R² = 0.76), 

TEC (R² = 0.72), Mn (R² = 0.52), Mg (R² = 0.54), and Zn (R² = 0.50) suggesting that these soil 

properties are most closely linked to Soil type 3. Species contributing positively to PC1, and thus 

more closely associated with this soil type, included northern red oak (R² = 0.06), mockernut 
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hickory (R² = 0.05), and flowering dogwood (Cornus florida L.) (R² = 0.22). Soil type 3 had the 

lowest organic matter content (11.9%), the highest pH (5.3), and the highest TEC (10.8 meq/g) 

(Fig. 3.5). Macronutrient composition is defined by the lowest N (121.4 N/acre), the lowest P 

(7.3 mg/kg), and the lowest K (72.2 mg/kg) (Fig. 3.6). Micronutrient composition is 

characterized by elevated concentrations of B (0.42 mg/kg), Ca (874.7 mg/kg), Cu (1.42 mg/kg), 

Mg (224.2 mg/kg), and decreased concentration of Na (9.8 mg/kg) and H (33.6%) (Fig. 3.7).  

Soil type 4, represented by 9 plots, also had a strong positive association with PC1 (0.82), 

indicating influence from similar soil variables and species as soil type 3. Soil type 4 had the 

second lowest organic matter content (16.8%), the second highest pH (4.4), and a moderate TEC 

(8.6 meq/g) (Fig 3.5). Macronutrient composition is defined by the second highest N (128.4 

N/acre), the highest P (115.1 mg/kg), and the highest K (101.6 mg/kg) (Fig. 3.6). Micronutrient 

composition is characterized by elevated levels of Al (1235.4 mg/kg), B (0.40 mg/kg), Fe (250.5 

mg/kg), Mn (123.8 mg/kg), Na (11.3 mg/kg), S (19.2 ppm), and Zn (3.2 mg/kg) (Fig. 3.7).    

Ecological Overlap Between Soil and Vegetation Composition  

Despite soil type 1 being the dominant soil type, vegetation community types 1, 3, and 4 

were found occurring on three other distinct soil types (Fig. 3.8). Ordination results reveal that 

the soil variables Ca, TEC, Mn, Mg, pH, and H are influencing the separation of soil types and 

vegetation communities alike. This suggests that these variables are useful for understanding the 

occurrence of divergent Carolina hemlock habitats.  

Community type 1 and soil type 3 occurred together at 9 plots, and was most strongly 

represented by Cripple Creek, VA, where six out of ten plots were in this grouping. Elevated 

concentrations of Ca, Mg, and Mn, as well as higher pH and TEC were influential for both 
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groups. Furthermore, northern red oak and mockernut hickory were the only trees present in both 

community type 1 and soil type 3.    

Community type 3 and soil type 2 are associated with increased soil acidity. This 

community–soil combination was found at seven plots across the study sites and was most 

strongly represented by Looking Glass, NC, where six out of seven plots were in this grouping. 

This ecological overlap is characterized by a shrub-layer dominated by mountain laurel and a 

significant sourwood and black gum component.   

Community type 4 and soil type 4 occurred together at eight plots across the study area 

and was most strongly represented by Sinking Creek, VA, where seven out of ten plots were in 

this grouping. A high concentration of Mn, elevated soil pH, and the occurrence of eastern 

hophornbeam and mockernut hickory help distinguish this ecological pair from other groups. 

Relationship Between Community Type and Soil Type  

Procrustes analysis revealed a weak but statistically significant association between soil 

composition and vegetation community type. The Procrustes sum of squares was high (0.95), 

indicating considerable difference between the two ordinations. Despite this, the correlation from 

the symmetric Procrustes rotation was 0.22 and the relationship was statistically significant (p = 

0.003), suggesting that vegetation and soil are weakly aligned in multivariate space.    
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Discussion    

Comparison Between NatureServe Communities and Those Defined in this Study   

Vegetation composition and soil composition between the three community types defined 

by NatureServe (typic, pine, mesic) and the four identified in this study share some qualities but 

are not well-aligned. From the Tsuga caroliniana/Kalmia latifolia – Rhododendron catabiensis 

Forest (typic type), mountain laurel, black gum, pitch pine, and scarlett oak were significant 

indicators of community type 3. Additionally, eastern white pine and great laurel from the Tsuga 

caroliniana - (Tsuga canadensis) / Rhododendron maximum Forest (mesic type) were associated 

with community type 3. Soil conditions in sites defined as typic have the highest soil pH, TEC, 

and organic matter %, as well as elevated concentrations of Ca, and Na. Sites defined as mesic 

have the lowest soil pH, TEC, organic matter %, increased concentrations of P, K, Al, Mn, S, 

and decreased concentrations of Ca, Mg, and Na. Soil conditions in community type 3 are best 

defined by an elevated organic matter %, low soil pH, TEC, elevated H, and decreased 

concentrations of Ca, Cu, and Mn (Table 3.2 and 3.3). Therefore, despite similarities in species 

composition between community type 3 and both the typic and mesic community types, soil 

composition was not consistent.   

Species included in the Tsuga caroliniana - Pinus (rigida, pungens, virginiana) Forest 

(pine type) such as northern red oak and pignut hickory were significantly associated with 

community type 1. Soil conditions in sites defined as pine have high soil pH, moderate TEC, and 

elevated concentration of N, B, Fe, Mg, and Zn. Similarly, community type 1 has the highest soil 

pH and TEC and has elevated concentrations of Mg and Zn (Table 3.2 and 3.3). Therefore, the 
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pine community type and community type 1 share the most overlap in species and soil 

composition.   

Comparing the vegetation and soil composition observed using NatureServe community 

types to those defined in this study reveals some similarities in soil composition between the two 

vegetation classification systems. However, few species mentioned in the NatureServe 

classification system were significant in separating the communities in this study and overlap 

between the typic and mesic species occurred within community type 3, challenging the 

complexity of the community types defined by NatureServe. The community types described in 

this study include midstory composition, while NatureServe community types are defined by 

dominant canopy species. Additionally, using four community types provides a more effective 

representation of the soil variability found in Carolina hemlock communities than the three-

group classification used by NatureServe.  

Dominant Soil Type in Carolina Hemlock Communities    

Soil type 1 was the most dominant soil type, representing 96 plots across the study range, 

and supporting the most plots within each vegetation community. Soil type 1 is defined by 

elevated levels of acid-forming cations Al, Fe, and H (Fig. 3.5), suggesting more acidic soil 

conditions (McCauley et al., 2017). Despite having the second highest organic matter content, 

this group exhibited the lowest TEC and only moderate soil pH (Fig. 3.3), indicating limited 

nutrient retention (Kennedy 2022). It also had relatively low levels of base cations such as Ca 

and Mg (Fig. 3.5). These chemical and nutrient characteristics suggest that soil type 1 may 

support more stress-tolerant vegetation and reflect a broader soil condition typical of Carolina 

hemlock habitats.    
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Translocation of Carolina Hemlock  

Translocation has become an increasingly important strategy for conserving threatened 

and endangered plant species (Bower et al., 2024; Weeks et al., 2011). However, unsuccessful 

establishment following translocation is common and often results from poor site selection, with 

average survival rates of reintroduced species around 52% (Godefroid et al., 2011). Although 

little is known about the specific nutrient requirements of Carolina hemlock or closely related 

species, the results of this study can help guide site selection for future translocation efforts. 

The IUCN recognizes three types of translocation: augmentation, introduction, and 

reintroduction (Weeks et al., 2011). Augmentation involves moving individuals into existing 

populations of the same species to increase genetic variation and reduce inbreeding. This 

approach is particularly relevant for Carolina hemlock, which often occurs in small, isolated 

populations with high levels of inbreeding and low genetic differentiation (Potter et al., 2017). 

Introducing individuals from multiple source populations could increase genetic diversity and 

resilience within Carolina hemlock stands. Aligning the dominant physicochemical conditions 

identified in this study with those of potential augmentation sites can support the successful 

establishment of translocated individuals. However, because intra-species competition was found 

to contribute to Carolina hemlock decline in HWA-infested stands (Chapter 2), maintaining 

appropriate stand densities will be essential for long-term success. 

Introduction, or assisted migration, involves moving a species outside of its native range 

when in situ conservation is not viable, such as when HWA management is ineffective. This 

strategy can facilitate Carolina hemlock establishment in areas that are more easily protected or 

managed, including seed orchards (Jetton et al., 2013). Nevertheless, translocating a species 
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beyond its native range poses ecological risks, as introduced populations may encounter 

unfamiliar abiotic and biotic conditions to which they are poorly adapted. To maximize success, 

source populations should be carefully matched to recipient environments (Weeks et al., 2011). 

While introduced species can sometimes disrupt local ecosystems, intracontinental introductions 

are generally less likely to cause severe ecological harm than intercontinental ones (Mueller & 

Hellmann, 2008). 

Selecting sites that closely resemble the native range of the target species is therefore 

critical for translocation. For instance, eastern and Carolina hemlock seed orchards have been 

successfully established in Brazil and Chile based on environmental similarities to the species’ 

native range and the low likelihood of HWA infestation. Site suitability in these cases was 

determined primarily using climatic variables such as mean monthly precipitation, temperature, 

and diurnal temperature range (Jetton et al., 2013). Soil conditions, however, were not 

considered due to limited data on the dominant soil characteristics of Carolina hemlock habitats 

at the time. The findings from this study help fill that knowledge gap by characterizing the soil 

conditions of Carolina hemlock sites, which may prove to be more influential for determining 

suitable sites in naturally forested areas compared to seed orchards due to the complexity of 

natural environments.    

Adaptive Potential of Carolina Hemlock  

Carolina hemlock occurs across a variety of habitats characterized by diverse plant 

community types and environmental conditions (Gossman, 2023; Keyser et al., 2023; Jetton et 

al., 2008; Rentch et al., 2000; Humphrey, 1989). This study builds on previous findings of the 

species’ ecological amplitude by identifying several distinct soil types associated with Carolina 
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hemlock communities. Notably, three soil types found in this study differ from the dominant type 

previously described, representing more fertile environments where the species can persist. 

These results suggest that Carolina hemlock tolerates a broad range of edaphic conditions, 

indicating a relatively high environmental tolerance that may enhance its persistence under 

changing climatic conditions and continued HWA pressure. 

Despite this apparent adaptability, Carolina hemlock maintains one of the narrowest 

distributions within the Tsuga genus, constrained historically by high summer temperatures, 

frequent wildfires, and the patchy distribution of rocky outcrops in the southern United States, as 

well as by reduced summer precipitation and increased hardwood competition in the north 

(Austin et al., 2016). This narrow geographic range makes the species particularly vulnerable to 

environmental changes such as rising temperatures and more frequent droughts, which can 

increase susceptibility to HWA infestation (Potter et al., 2017) and contribute to further habitat 

loss (Menezes-Silva et al., 2019). 

The long-term persistence of Carolina hemlock will depend on its ability to adapt to 

shifting climatic conditions or migrate to newly suitable habitats. Many tree species respond to 

warming climates by migrating upslope to cooler environments (Chen et al., 2011); however, 

such migration may lag behind the rate of climate change (Zani et al., 2023). For Carolina 

hemlock, this adaptive pathway is limited since its current distribution on high-elevation bluffs 

and ridges leaves little opportunity for upslope movement. Therefore, it is becoming increasingly 

important to identify and protect suitable refugia within and beyond the native range of Carolina 

hemlock.   
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Conclusion   

Carolina hemlock communities are ecologically diverse, a pattern largely attributed to the 

species’ stress-tolerant life history strategy. Its slow growth, evergreen foliage, and shade 

tolerance enable it to persist under a wide range of environmental conditions. The composition of 

plant communities associated with Carolina hemlock varies across sites, reflecting differences in 

environmental conditions. In this study, one dominant soil type was identified, along with three 

additional, distinct soil types where Carolina hemlock communities also occurred. Variation in 

Ca, TEC, Mn, Mg, pH, and H drove the separation among soil types and corresponding plant 

communities, emphasizing the relationship between soil chemistry and vegetation composition. 

The dominant soil type was characterized by high concentrations of acid-forming cations, low 

TEC, and low levels of base cations, creating acidic, nutrient-poor conditions that favor stress-

tolerant vegetation. Collectively, these findings can inform future translocation efforts of 

Carolina hemlock within and beyond its native range by identifying potential refugia that share 

the physicochemical characteristics of naturally occurring Carolina hemlock habitats. 
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Figures 

  

Figure 3.1. Dendrogram showing cluster membership of sites based on overstory and midstory 

species composition (basal area/ha).    
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Figure 3.1. (continued) 
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Figure 3.2. Dendrogram of study sites based on the plot-level soil variables total exchange 

capacity, organic matter content, pH, macronutrients (N, P, K), and micronutrients (Al, B, Ca, 

Cu, Fe, Na, Mg, Mn, S, Zn,).   
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Figure 3.2. (continued)    
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Figure 3.3. NMS ordinations display the tree species (A) and soil variables (B) that are 

associated with the four vegetation community types. 
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Figure 3.4. NMS ordinations display the soil variables (A) and tree species (B) that are 

associated with the four soil types.  
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Figure 3.5. Average soil properties organic matter (%) (A), total exchange capacity (B), and pH 

(C) by soil type.    
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Figure 3.6. Average soil macronutrients nitrogen (A), phosphorus (B), and potassium (C) by soil 

type.   
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Figure 3.7. Average aluminum, boron, calcium, copper, hydrogen, iron, magnesium, manganese, 

sodium, sulfur, and zinc concentrations by soil type.   
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Figure 3.8. Chart displaying the overlap between Carolina hemlock plant community type and 

soil type.  
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Tables   

Table 3.1 Summary table of the dominant species (RBA%), indicator species, and NMS 

significant species for each vegetation community type.  

 
Community 

Type 

Layer Dominant Species (RBA%) Indicator Species 

(p < 0.05) 

NMS Significant species 

(R2 > 0.10) 

1 Overstory Virginia pine 

White oak 

Northern red oak 

Betula sp. Sugar maple, white oak, 

northern red oak, black 

cherry, Betula sp., pignut 

hickory, mockernut 

hickory 

Midstory Downy serviceberry 

Carolina hemlock 

American hophornbeam 

  

2 Overstory Carolina hemlock 

Northern red oak 

White oak 

Black locust Carolina hemlock 

Midstory Carolina hemlock 

Downy Serviceberry 

Mountain laurel 

American chestnut  

3 Overstory Chestnut oak 

Pitch pine 

Eastern white pine 

Black gum, Pitch pine, Red maple, Scarlett oak, 

Eastern white pine, 

Sourwood, Mountain 

laurel, Black gum 

Midstory Black gum 

Mountain laurel 

Eastern white pine 

Mountain laurel, Black 

gum, Great laurel, Chestnut 

oak, White pine 

Black gum 

4 Overstory Chestnut oak 

Northern red oak 

Carolina hemlock 

American hophornbeam, 

Fire cherry 

Carolina hemlock, 

Chestnut oak 

Midstory Carolina hemlock 

Mockernut hickory 

 

Mockernut hickory  
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Table 3.2 Mean and standard error of soil chemical properties, organic matter, and 

macronutrients based on NatureServe community classifications (mesic, pine, typic) and those 

identified in this study (1, 2, 3, 4).   

 

Community 

Type 

Total 

Exchange 

Capacity 

(meq/100g) 

 

pH 

 

Organic 

Matter (%) 

 

Nitrogen 

Release 

(N/acre) 

 

Phosphorus 

(mg/kg) 

 

Potassium 

(mg/kg) 

1 7.81 (0.48) 4.37 (0.08) 21.04 (1.88) 126.58 (0.69) 9.52 (0.60) 78.46 (3.20) 

2 5.53 (0.40) 4.05 (0.04) 19.76 (3.23) 120.00 (4.85) 14.26 (2.94) 74.69 (3.02) 

3 5.47 (0.38) 3.99 (0.05) 27.29 (3.54) 127.85 (0.66) 13.58 (4.13) 69.11 (2.65) 

4 7.24 (0.58) 4.24 (0.06) 18.79 (2.01) 127.95 (0.38) 53.15 (11.27) 83.80 (5.59) 

Mesic 5.98 (0.45) 4.15 (0.04) 15.84 (1.27) 125.17 (1.08) 35.26 (7.38)  78.76 (3.84) 

Pine 6.64 (0.40) 4.19 (0.08) 21.56 (1.64) 127.07 (0.67) 10.61 (1.04) 77.44 (2.99) 

Typic 7.18 (0.47) 4.20 (0.06) 27.49 (3.32) 124.79 (2.86) 14.11 (3.68) 72.40 (2.60) 
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Table 3.3 Mean and standard error of micronutrients based on NatureServe community 

classifications (mesic, pine, typic) and those identified in this study (1, 2, 3, 4).   

Site Aluminum 

(mg/kg) 

Boron 

(mg/kg) 

Calcium 

(mg/kg) 

Copper 

(mg/kg) 

Iron 

(mg/kg) 

Magnesium 

(mg/kg) 

Manganese 

(mg/kg) 

Sodium 

(mg/kg) 

Sulfur 

(ppm) 

Zinc 

(mg/kg) 

Hydrogen 

(%) 

1 977.76 

(49.96) 

0.33 

(0.01) 

376.64 

(43.02) 

0.89 

(0.10) 

186.68 

(10.78) 

85.42 

(12.39) 

44.02 

(4.84) 

11.16 

(0.58) 

16.16 

(0.79) 

2.66 

(0.12) 

56.30 

(1.75) 

2 1206.73 

(67.74) 

0.33 

(0.01) 

178.34 

(15.22) 

0.62 

(0.10) 

219.73 

(17.23) 

43.00 

(3.99) 

17.19 

(3.42) 

10.07 

(0.36) 

20.34 

(2.15) 

1.90 

(0.09) 

63.38 

(0.67) 

3 1081.08 

(72.62) 

0.30 

(0.01) 

166.38 

(18.71) 

0.35 

(0.03) 

196.88 

(14.00) 

48.26 

(4.72) 

9.44  

(2.71) 

10.79 

(0.35) 

17.61 

(1.21) 

2.36 

(0.14) 

63.88  

(0.85) 

4 1195.10 

(41.04) 

0.36 

(0.01) 

322.50 

(40.47) 

0.60 

(0.08) 

242.65 

(12.71) 

49.05 

(2.52) 

74.45 

(14.01) 

10.25 

(0.49) 

20.05 

(1.39) 

2.56 

(0.17) 

59.70 

(1.14) 

Mesic 1214.88 

(48.86) 

0.31 

(0.01) 

233.29 

(23.88) 

0.77 

(0.08) 

182.97 

(11.66) 

41.44 

(2.58) 

53.14 

(8.58) 

10.14 

(0.32) 

20.35 

(1.53) 

2.40 

(0.16) 

61.59 

(0.75) 

Pine 1094.40 

(40.77) 

0.35 

(0.01) 

273.48 

(38.02) 

0.53 

(0.05) 

228.36 

(11.54) 

73.86 

(11.94) 

23.36 

(3.29) 

10.86 

(0.53) 

16.75 

(0.94) 

2.44 

(0.11) 

59.46 

(1.65) 

Typic 970.61 

(67.49) 

0.32 

(0.00) 

305.06 

(35.12) 

0.71 

(0.11) 

193.13 

(11.62) 

62.75 

(5.30) 

32.63 

(6.65) 

10.97 

(0.38) 

17.59 

(1.05) 

2.39 

(0.11) 

60.11 

(1.17) 
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Appendix A.  

Table A1. Data from WSS indicates that soils from Carolina hemlock communities have a predominately sandy-

loam or stony-loam texture that is stony or very stony. Across all sites, the average percent sand was 51.40%, 

percent silt was 33.21%, and percent clay was 14.33%. The average soil depth to bedrock was 90.08 cm for all sites 

combined, and average AWC was 0.11.  

Site Sand (%) Silt (%) Clay (%) AWC Depth (cm) 

Bluff Mountain 45.20 41.50 13.40 0.14 107.00 

Cliff Ridge 45.30 43.20 11.50 0.12 66.00 

Cold Mountain 65.70 15.30 11.50 0.15 200.00 

Cripple Creek 30.40 55.60 14.00 0.08 84.00 

Dobsons Knob 65.31 23.05 11.59 0.12 75.75 

Flat Top 52.50 29.80 17.40 0.14 84.00 

Hawksbill 64.50 23.81 11.50 0.12 80.87 

Iron Mountain 60.79 24.71 14.45 0.09 75.52 

Looking Glass 62.23 22.73 15.02 0.12 72.24 

Petites Gap 46.16 32.13 16.06 0.11 122.75 

Shope 52.29 31.98 15.72 0.13 71.77 

Sinking Creek 27.80 53.40 18.8 0.12 69.00 

Wildcat Ridge 50.02 34.49 50.02 0.09 62.17 

All Sites 51.40 33.21 14.33 0.11 90.08 
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Appendix B.       

Table A2. Soils in Carolina hemlock communities are acidic, having an average pH of 4.19 across all sites. The soil 

pH ranged from 3.76 at Looking Glass, NC, to 4.90 at Cripple Creek, VA. TEC across all sites had an average value 

of 6.66, which ranged from 4.39 at Wildcat Ridge, NC, to 10.05 at Bluff Mountain, NC.   

 

Site 

Total Exchange Capacity 

(meq/100g) 

 

pH 

Bluff Mountain 10.05 (1.1) 4.5 (0.18) 

Cliff Ridge 6.45 (0.27) 3.82 (0.05) 

Cold Mountain 4.85 (0.3) 4.43 (0.14) 

Cripple Creek 8.43 (1.14) 4.90 (0.24) 

Dobsons Knob 5.73 (0.76) 4.04 (0.09) 

Flat Top 4.73 (0.86) 4.07 (0.07) 

Hawksbill 7.71 (1.39) 3.86 (0.08) 

Iron Mountain 5.77 (0.55) 4.11 (0.04) 

Looking Glass 7.24 (0.97) 3.76 (0.09) 

Petites Gap 7.39 (0.92) 4.32 (0.08) 

Shope 6.29 (0.85) 4.36 (0.05) 

Sinking Creek 7.56 (0.85) 4.31 (0.09) 

Wildcat Ridge 4.39 (0.46) 3.98 (0.06) 

All Sites 6.66 (0.80) 4.19 (0.10) 
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Appendix C.  

Table A3. Carolina hemlock sites had an average organic matter content of 22.23%, N of 125.81 (N/acre), an 

average P content of 18.29 (mg/kg), and average K content of 75.80 (mg/kg).  

 

Site 

 

Organic Matter (%) 

 

Nitrogen Release 

(N/acre) 

 

Phosphorus (mg/kg) 

 

Potassium 

(mg/kg) 

Bluff Mountain 31.70 (8.25) 114.9 (12.42) 7.30 (1.22) 73.00 (8.71) 

Cliff Ridge 21.71 (3.03) 127.73 (1.26) 13.82 (2.76) 93.36 (6.20) 

Cold Mountain 21.88 (3.37) 128.20 (0.65) 5.90 (0.38) 91.50 (9.01) 

Cripple Creek 14.70 (2.64) 122.50 (2.44) 8.20 (0.59) 73.40 (2.90) 

Dobsons Knob 22.70 (3.61) 127.90 (1.38) 14.50 (3.70) 68.10 (3.68) 

Flat Top 14.07 (2.66) 122.80 (2.46) 8.20 (0.59) 64.70 (2.58) 

Hawksbill 25.98 (5.35) 128.70 (0.52) 10.50 (1.59) 58.50 (2.93) 

Iron Mountain 17.99 (2.21) 127.21 (0.90) 11.86 (1.33) 73.21 (4.12) 

Looking Glass 52.99 (7.94) 130.00 (0.00) 9.14 (0.59) 76.57 (6.11) 

Petites Gap 13.79 (1.29) 126.33 (1.09) 41.00 (15.51) 71.67 (2.94) 

Shope 18.80 (2.39) 128.11 (0.61) 6.78 (0.52) 77.56 (4.44) 

Sinking Creek 14.61 (1.42) 124.70 (2.39) 95.10 (10.53) 100.60 (7.98) 

Wildcat Ridge 18.09 (3.21) 126.50 (1.82) 5.50 (0.33) 63.25 (4.91) 

All Sites 22.23 (3.64) 125.81 (2.15) 18.29 (3.05) 75.80 (5.12) 
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Appendix D.  

Table A4. Average micronutrient concentrations in the sampled Carolina hemlock communities were as follows: Al 

(1078.49 mg/kg), B (0.33 mg/kg), Ca (273.46 mg/kg), Cu (0.63 mg/kg), Fe (204.10 mg/kg), Mg (61.95 mg/kg), Mn 

(33.13 mg/kg), Na (10.75 mg/kg), S (18.08 mg/kg), and Zn (2.41 mg/kg) (Table 3.4).    

Site Aluminum 

(mg/kg) 

Boron 

(mg/kg) 

Calcium 

(mg/kg) 

Copper 

(mg/kg) 

Iron 

(mg/kg) 

Magnesium 

(mg/kg) 

Manganese 

(mg/kg) 

Sodium 

(mg/kg) 

Sulfur 

(ppm) 

Zinc 

(mg/kg) 

Bluff 

Mountain 

732.10 

(167.70) 

0.35 

(0.03) 

531.10 

(98.88) 

1.54 

(0.39) 

178.80 

(29.36) 

104.40 

(14.39) 

55.50 

(13.92) 

12.90 

(0.91) 

15.6 

(1.71) 

2.50 

(0.27) 

Cliff 

Ridge 

1146.45 

(54.28) 

0.38 

(0.02) 

185.82 

(13.68) 

0.44 

(0.04) 

290.45 

(20.82) 

36.09 

(1.70) 

22.09 

(4.04) 

11.91 

(2.33) 

12.73 

(0.74) 

2.25 

(0.17) 

Cold 

Mountain 

1323.7 

(64.81) 

0.34 

(0.03) 

174.00 

(12.82) 

0.85 

(0.07) 

216.80 

(25.86) 

62.80 

(6.00) 

28.40 

(8.11) 

10.80 

(0.47) 

20.60 

(2.33) 

2.22 

(0.11) 

Cripple 

Creek 

878.70 

(44.41) 

0.42 

0.02) 

574.70 

(149.48) 

0.76 

(0.19) 

204.30 

(24.17) 

173.50 

(50.41) 

51.80 

(8.15) 

9.00 

(0.37) 

15.40 

(1.54) 

2.83 

(0.39) 

Dobsons 

Knob 

1247.10 

(59.99) 

0.32 

(0.02) 

181.00 

(33.26) 

0.40 

(0.03) 

226.20 

(22.96) 

55.10 

(13.73) 

12.30 

(3.54) 

10.60 

(0.43) 

22.10 

(2.61) 

2.08 

(0.17) 

Flat Top 1210.30 

(127.48) 

0.25 

(0.01) 

157.10 

(29.72) 

0.33 

(0.02) 

135.40 

(9.17) 

29.50 

(2.34) 

9.80  

(1.53) 

9.20 

(0.44) 

23.80 

(4.69) 

2.02 

(0.19) 

Hawksbill 858.10 

(123.71) 

0.30 

(0.02) 

263.00 

(75.31) 

0.22 

(0.01) 

187.00 

(27.26) 

48.50 

(4.81) 

2.70  

(0.97) 

11.90 

(0.82) 

13.70 

(1.67) 

2.83 

(0.29) 

Iron 

Mountain 

1196.71 

(71.56) 

0.30 

(0.02) 

205.93 

(23.52) 

1.33 

(0.09) 

164.29 

(15.56) 

42.79 

(3.55) 

52.64 

(9.68) 

10.21 

(0.35) 

19.29 

(0.99) 

2.53 

(0.31) 

Looking 

Glass 

598.71 

(192.51) 

0.26 

(0.02) 

197.00 

(32.71) 

0.22 

(0.01) 

117.71 

(28.96) 

46.43 

(4.92) 

2.86  

(0.26) 

12.29 

(1.11) 

12.00 

(2.47) 

2.75 

(0.14) 

Petites 

Gap 

1282.00 

(53.60 

0.35 

(0.02) 

370.78 

(68.85) 

0.34 

(0.04) 

237.00 

(12.36) 

47.56 

(5.13) 

72.00 

(20.55) 

9.11 

(0.70) 

15.00 

(1.03) 

2.53 

(0.36) 

Shope 1071.00 

(78.68) 

0.34 

(0.01) 

251.78 

(38.41) 

0.76 

(0.11) 

212.44 

(13.45) 

67.56 

(6.72) 

21.56 

(4.04) 

1.11 

(0.48) 

21.22 

(1.34) 

2.26 

(0.19) 

Sinking 

Creek 

1244.90 

(54.88) 

0.39 

(0.01) 

347.80 

(53.80) 

0.45 

(0.04) 

256.70 

(14.61) 

51.50 

(5.02) 

97.20 

(17.36) 

11.00 

(0.83) 

18.40 

(1.83) 

2.60 

(0.32) 

Wildcat 1230.62 

(59.93) 

0.33 

(0.01) 

115.00 

(10.43) 

0.52 

(0.02) 

226.25 

(19.49) 

39.62 

(6.25) 

1.88  

(0.30) 

10.75 

(0.49) 

25.25 

(2.45) 

1.96 

(0.23) 

All Sites 1078.49 

(88.73) 

0.33 

(0.02) 

273.46 

(49.30) 

0.63 

(0.08) 

204.10 

(20.31) 

61.95 

(9.61) 

33.13 

(7.11) 

10.75 

(0.75) 

18.08 

(1.95) 

2.41 

(0.24) 
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Appendix E. Dominant Soil Orders in Carolina Hemlock Communities  

Carolina hemlock communities occur on three distinct orders of soil taxonomy, which are 

Entisols, Ultisols, and Inceptisols. Inceptisols are by far the most dominant soil order where 

Carolina hemlock communities are found. Inceptisols are young soils exhibiting the earliest 

stages of horizon development (Soil, 2015), suggesting that the environments in which these 

communities occur are not conducive to the settling and maturing of soils. Areas prone to rapid 

erosion and/or deposition may inhibit greater soil horizon development (Earl, 2021). Although 

Inceptisols are found in a variety of ecosystems, they are most prevalent in mountainous regions 

(Soil, 2015; Thorson et al., 2022). This is consistent with the distribution of Carolina hemlock, 

which is known to occur at high elevations on exposed bluffs and ridges in the Southern 

Appalachian Mountains.   

Table A5. Dominant soil families and names found in Carolina hemlock communities 

Site Family Soil Name 

Bluff 

Mountain 

Fine-loamy, isotic, mesic, Humic 

Dystrudepts 

Porters stony loam, 25 to 65 percent 

slopes  

Porters stony loam, 15 to 25 percent 

slopes  

Cliff Ridge Coarse-loamy, mixed, semiactive, 

mesic Typic Dystrudepts 

Ditney loam, 35 to 60 percent slopes  

Cold 

Mountain 

Fine-loamy, isotic, frigid Typic 

Humudepts  

Wayah sandy loam, 30 to 50 percent 

slopes, stony  

Wayah sandy loam, 50 to 95 percent 

slopes, stony  

Wayah sandy loam, windswept, 15 to 30 

percent slopes, stony 

Cripple 

Creek  

Loamy-skeletal, mixed, active, mesic 

Typic Dystrudepts 

Berks-Rock outcrop complex, 25 to 70 

percent slopes  

 

 

 

 

 



   

110 

 

Table A5. (continued) 

Dobsons 

Knob  

Coarse-loamy, mixed, semiactive, 

mesic Typic Dystrudepts  

Loamy-skeletal, mixed, semiactive, 

mesic Lithic Dystrudepts  

Coarse-loamy, mixed, active, mesic 

Typic Dystrudepts  

Coarse-loamy, mixed, semiactive, 

mesic Typic Dystrudepts  

Ditney-Unicoi complex, 10 to 25 percent 

slopes, very stony  

Ditney-Unicoi-Rock outcrop complex, 60 

to 95 percent slopes  

Soco-Ditney complex, 6 to 25 percent 

slopes, stony  

Flat Top Fine-loamy, siliceous, semiactive, 

mesic Typic Hapludults  

Fine-loamy, siliceous, active, mesic 

Typic Hapludults  

Harmiller-Shinbone complex, 15 to 30 

percent slopes, stony  

Harmiller-Shinbone complex, 30 to 50 

percent slopes, stony  

Hawksbill Coarse-loamy, mixed, semiactive, 

mesic Typic Dystrudepts  

Loamy-skeletal, mixed, semiactive, 

mesic Lithic Dystrudepts  

Coarse-loamy, mixed, active, mesic 

Typic Dystrudepts  

Coarse-loamy, mixed, semiactive, 

mesic Typic Dystrudepts  

Ditney-Unicoi_Rock outcrop complex, 

25 to 95 percent slopes  

Soco-Ditney complex, 8 to 15 percent 

slopes, very stony  

Soco-Ditney complex, 15 to 30 percent 

slopes very stony  

Iron 

Mountain  

Coarse-loamy, mixed, semiactive, 

mesic Typic Dystrudepts  

Fine-loamy, siliceous, semiactive, 

mesic Typic Hapludults  

Loamy-skeletal, mixed, semiactive, 

mesic Lithic Dystrudepts  

Ditney sandy loam, 20 to 35 percent 

slopes  

Keener loam, 35 to 50 percent slopes  

Unicoi-Rock outcrop complex, 50 to 80 

percent slopes  

Looking 

Glass 

Fine-loamy, isotic, mesic Humic 

Dystrudepts  

Coarse-loamy, mixed active, mesic 

Typic Dystrudepts  

Unaka-Rock outcrop complex, 30 to 50 

percent slopes, very stony  

Ashe-Edneyville complex, 8 to 15 

percent slopes, rocky  

Ashe-Edneyville complex, 30 to 50 

percent slopes, very rocky  
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Table A5. (continued) 

Petites Gap  Fine-loamy, mixed, active, mesic 

Typic Hapludults  

Loamy-skeletal, mixed, active, mesic 

Typic Dystrudepts  

Loamy-skeletal, siliceous, semiactive, 

mesic Typic Hapludults  

Loamy-skeletal, mixed, active, mesic 

Typic Dystrudepts  

Loamy-skeletalm mixed, active, mesic 

Lithic Dystrudepts  

Fine-loamy, mixed, active, mesic 

Typic Hapludults  

Loamy-skeletal, siliceous, active, 

mesic Typic Dystrudepts  

Loamy-skeletal, mixed, active, Mesic 

Typic Dystrudepts  

Coarse-loamy, mixed, active, mesic 

Typic Dystrudepts  

Loamy-skeletal, siliceous, semiactive, 

mesic Typic Dystrudepts  

Loamy-skeletal, siliceous, active, 

mesic Lithic Dystrudepts  

Gilpin-Berks complex, 15 to 35 percent 

slopes  

Oriskany very cobbly sandy loam, 15 to 

35 percent slopes, rubbly  

Sylco-Sylvatus complex, 35 to 60 percent 

slopes  

Shelocta channery silt loam, 3 to 15 

percent slopes  

Dekalb-Rock outcrop complex, 35 to 60 

percent slopes, extremely stony  

Calvin-Rock outcrop complex, 35 to 60 

percent slopes, extremely stony  

Edneyville sandy loam, 15 to 35 percent 

slopes, extremely stony  

Edneyville sandy loam, 35 to 60 percent 

slopes, extremely stony  

Marbleyard-Drypond complex, 35 to 60 

percent slopes, rubbly  

Marbleyard-Drypond complex, 60 to 80 

percent slopes, very stony 

Shope Coarse-loamy, mixed, active, mesic 

Typic Dystrudepts  

Loamy, mixed, active, mesic Lithic 

Dystrudepts  

Fine-loamy, isotic, mesic Humic 

Dystrudepts  

Ashe-Cleveland-Rock outcrop complex, 

15 to 30 percent slopes, very stony  

Unaka-Rock outcrop complex, 50 to 95 

percent slopes, very bouldery  

Sinking 

Creek 

Loamy-skeletal, mixed, active, mesic 

Typic Dystrudepts  

Loamy-skeletal, mixed, active, acid, 

mesic Lithic Udorthents  

Calvin-Rough complex, 35 to 70 percent 

slopes, very stony  

Wildcat 

Ridge 

Coarse-loamy, micaceous, mesic 

Typic Dystrudepts  

Fine-loamy, micaceous, mesic Typic 

Hapludults  

Brownwood fine sandy loam, 30 to 50 

percent slopes, stony  

Watauga loam, 15 to 30 percent slopes  

   

 


