ABSTRACT
GOSSMAN, SHELLEY. Carolina Hemlock Community Structure and Vitality. (Under the
direction of Dr. Jodi Forrester).

Carolina hemlock (Tsuga caroliniana Engelm.) is a highly vulnerable tree species due to
its relatively high sensitivity caused by a small distribution, low genetic diversity, and host status
for exotic pests such as hemlock woolly adelgid (Adelges tsugae Annand) and elongate hemlock
scale (Fiorinia externa Ferris). A better understanding of the contemporary viability of this rare
and vulnerable species is needed for conservation priority planning. This project aims to examine
rangewide establishment, growth and mortality patterns for Carolina hemlock ecosystems using
inventory and tree-ring records. | examined community properties to determine what, if any,
variables affect Carolina hemlock viability and hemlock woolly adelgid presence. 1 visited a total

of 21 sites with known Carolina hemlock populations during the summer of 2021.

At each site, | established four plots to measure the composition and structure of the
vegetation and numerous abiotic variables including slope, elevation, aspect, species, diameter at
breast height (DBH) of overstory trees, and canopy height among others. Tree cores were
collected from dead and dying Carolina hemlock to examine community age structure, and
intensive coring at several sites was used to compare establishment patterns of all species.
Between December 2021 and March 2022 | returned to plots to perform crown health

assessments and estimate HWA infestation density.

Nonmetric Multidimensional Scaling (NMS) ordination used 3 axes to describe the
variation in community structures, identifying relationships with several species, pH midpoint,
slope, overstory richness, overstory basal area, and members of Ericaceae for a cumulative 90%

explained variation. Carolina hemlock became established during the 1940s-50s and remained



steady for several decades before recruitment began to decline. By the 1990s there was almost no
new recruitment to the canopy layer. During the inventory | observed only four Carolina
hemlock saplings that reached 1.2m or higher. Regeneration and overstory composition did not
align, particularly for Carolina hemlock, which had high importance values in the overstory and

understory in different locations.

Based on the Forest Inventory & Analysis (FIA) database, annual mortality of Carolina
hemlock was approximately 4.0% yr from 1989-2020. However, the FIA database only
contained crown health analysis for a few plots, and these plots had relatively low Carolina
hemlock density; as such, the FIA database is not sufficient to monitor the performance of a rare
and vulnerable species such as Carolina hemlock. Analyses to determine whether crown metrics
can be used to detect HWA presence found that none of the biotic data I collected were useful
indicators, but that latitude and slope were. Model selection to predict percent dead hemlock
identified live crown ratio as an indicator of high amounts of dead Carolina hemlock in a stand.
Carolina hemlock is only one species among many that are facing threats from climate change
and introduced pests. It is important to find a viable method to monitor and conserve these
species in their natural habitats to prevent significant decreases in biodiversity, changes to

community functions and services, and changes in microclimate.
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CHAPTER 1

Introduction

While the Tsuga genus is widely distributed, it is further classified as up to 12 naturally
occurring species, including Tsuga canadensis (L.) Carriére (eastern hemlock) and Tsuga
caroliniana Engelm. (Carolina hemlock) (Jetton et al. 2008; WFO 2023). The ecology, genetics,
life history, and uses of Tsuga canadensis are well known and documented, with a range that
covers much of eastern North America, stretching between Nova Scotia, Alabama, and
Minnesota (Godman and Lancaster 1990). Carolina hemlock however, has a much smaller range

and is limited primarily to small, isolated populations in the southern Appalachian mountains.

Carolina hemlock typically grows on dry, rocky outcrops between 600 and 1500m in
elevation (Jetton et al. 2018). Carolina hemlock evolved during the Miocene and that Carolina
hemlock and its ancestors once had a much broader geographic distribution until the Pleistocene
glaciations left the Carolina hemlock in the isolated populations of today, resulting in significant
inbreeding and genetic drift. Potter et al. (2017) concluded that nearly half the genetic
differentiation was between populations, most of which had at least one unique allele presenting
a level of between-population genetic diversity that was unprecedented among North American
conifers with wind-dispersed seed and pollen. Low genetic diversity and extremely isolated

populations are not the most prevalent threats to Carolina hemlock.

The hemlock woolly adelgid (HWA) (Adelges tsugae Annand) is a range-wide pest of
hemlock trees that attaches at the base of needles, interrupting nutrient flow and inhibiting new
growth. While hemlock species in other regions of the world have some level of resistance to

HWA, the insect is invasive in the eastern United States and poses a severe threat to both eastern


https://plants.usda.gov/home/plantProfile?symbol=TSCA

and Carolina hemlocks which evolved separately from it (Potter et al. 2017). Once infested,
mortality often occurs within 3-4 years, though some trees are able to survive up to 10 years
(Levy and Walker 2014). Tsuga species in general, were estimated to have an approximately
50% chance of survival following HWA infestation (Vogt et al. 2016). The Carolina hemlock
population is particularly vulnerable to HWA because while individual trees may die slower, the
population is already stressed by impacts of climate change such as rising temperatures and its

small range in comparison to eastern hemlock.

While it is possible to use biological and chemical treatment plans to control HWA
populations, these methods tend to be both expensive and labor intensive. Biological control
methods such as releasing predatory insects can take years to become effective as the predator
population is established (Mayfield et. al. 2020). Chemical treatments such as imidacloprid or
dinotefuran must be applied to individual trees (Mayfield et. al. 2020; Vose et. al. 2013); as
such, landowners often prioritize treatment of high value hemlocks along walking trails or
campsites (Mayfield et. al. 2020).

Carolina hemlock rarely occurs in pure stands. Keyser et. al. (2023) found that the
species reached up to only 65% importance in the overstory of sampled sites, despite their sites
being chosen to have as high a proportion of Carolina hemlock as possible. Carolina hemlock
communities have a great deal of variety (Keyser et. al. 2023). Species commonly found with
Carolina hemlock include Quercus montana Willd., Tsuga canadensis, Kalmia latifolia L, Acer
rubrum L, Rhododendron spp., and Amelanchier arborea (Michx. f.) Fernald (Humphrey 1989,
Jetton et al. 2008, Rentch et al. 2000). NatureServe, a nonprofit organization that gathers and
shares biodiversity statistics for a wide variety of species and ecosystems, lists four association

records for Carolina hemlock (NatureServe, 2023). One of these communities is listed as



vulnerable, two as imperiled, and one as critically imperiled. The community listed as
vulnerable, while listed as an association record, does not specifically mention Carolina hemlock

in its description.

While there are ex-situ conservation populations of Carolina hemlock to retain genetic
diversity, it is also important to attempt to conserve the populations currently in existence, in part
because little is known about the community functions of this species. The in-situ monitoring
and conservation efforts by Camcore and the USDA Forest Service have focused primarily on a
few well-known sites and only recently expanded across the range of Carolina hemlock (Whittier
et. al. 2023). Carolina hemlocks increase soil acidity and increase shade on the ground,
decreasing the recruitment of early successional stage species (Jetton et. al. 2008). The Camcore
2020-2021 annual report states that this microclimate alteration both makes Carolina hemlock a
keystone species and complicates reintroduction of the species to the community. The Hemlock
Restoration Initiative (HRI) describes the Carolina hemlock as being valuable only for
contributing to global diversity, which is a sharp contrast to the description of eastern hemlock's
microclimate effects, habitat creation, and value as a food source for animals — all of which the
Carolina hemlock also provides. The HRI may limit the Carolina hemlock's value to global
diversity because of its small range and low numbers. However, Carolina hemlock fulfills similar

ecological roles as eastern hemlock in the locations where it does grow (Jetton et. al. 2008).

The occurrence and genetic diversity of Carolina hemlock has been mapped and
documented (Jetton et al. 2008; Potter et al. 2017), but there has been little research examining
Carolina hemlock health in those areas (except Vogt et al. 2016). Understanding Carolina
hemlock vitality and rigor in its natural environment is necessary to enable conservation policies

and in-situ conservation projects. In-depth knowledge of Carolina hemlock vitality in these areas
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will enable us to monitor communities; compare ecosystem viability between sites; prioritize
conservation attempts; and identify other locations to search for Carolina hemlock populations or

potential planting sites.

This project describes the status of 21 Carolina hemlock communities across its range,
incorporating site descriptors, community composition and structure, and Carolina hemlock
health assessments performed according to the description outlined in the Resource Managers
Guide developed for integrated pest management of hemlock woolly adelgid (Mayfield et al.
2020). My objectives were to: 1) assess communities surrounding Carolina hemlocks, including
species it occurs with, sites it's found in, and health status relative to the rest of the population; 2)
identify spatial patterns in Carolina hemlock vitality patterns or correlations with site factors
such as soil pH; 3) determine if infestation density and tree health typically align; and 4)

determine what factors help indicate HWA presence.

Methods

Site Selection

| identified sites based on examination of the available scientific literature and
discussions with Carolina hemlock specialists (Jetton et al. 2008, Potter et al. 2017, Keyser et al.
2023, W.A. Whittier — personal communication). A total of 20 sites were selected, ranging from
Rockbridge Co, VA to the North and Pickens Co., SC to the South (Table 1, Fig. 1). Based on
available records, three sites had received full (all trees on site) chemical treatment for HWA, 6

had received partial treatment, and 11 were of unknown treatment status (Table 1).



Data Collection

At each site four 100m? plots at least 75m apart (radius of 5.62m) were established.
Given that a number of locations had steep drops and very low Carolina hemlock density, plots
were identified as locations with at least two living, mature Carolina hemlocks in close proximity
where possible, provided they could be reached safely. Plot centers were marked with a semi-
permanent marker consisting of a length of PVC pipe driven into the ground. It is important to
note that a number of locations had very rocky soil and/or animal activity that may disturb the
markers in the future.

Within each plot biotic and abiotic data were measured. Abiotic data included aspect,
elevation, slope, and slope position. Aspect was measured with a compass; elevation with a
Geode GPS (Juniper Systems GNS2), with sub-meter accuracy; and slope with a clinometer.
Biotic data of the canopy layer included all trees greater than or equal to 5.0cm diameter at breast
height (DBH), for which the following species were identified: species, DBH, living/dead status,
and crown class (canopy or subcanopy). For Carolina hemlocks the following information was
also identified: height; height to base of live crown; and azimuth and distance from plot center to
help identify specific trees during later visits. Height was measured with a vertex hypsometer
(Haglof). Eastern and Carolina hemlocks were differentiated using a combination of cone size,
needle orientation, and location and suggested error due to identification would be <5%

At each plot, increment cores were collected from Carolina hemlocks that were identified
as dead or dying in order to avoid weakening healthy trees. Five to eight cores per site (two cores
per plot) were collected when possible. All trees were cored at breast height. Five sites were
intensively cored to develop establishment and disturbance histories. At these sites, all species

occurring at the plots were cored. The subset of trees to be cored were identified based on three



DBH size classes as follows: 10<25cm, 25<50cm, and <50cm. However, given the large range
of size classes, additional cores were collected within a size class when necessary to create a
robust dataset. The structure and composition of the vegetation at these five locations were
previously reported in Keyser et al. (2023) and were selected based on the relatively high
abundance of Carolina hemlock.

Two 7m? subplots (1.5m radius)were established in each plot, located to the north and
south of plot center to measure regeneration and shrub cover. Collected data included counts of
woody regeneration by species and height class, including 0-0.3m, 0.3-0.6m, 0.6-0.9m, and 0.9-
1.2m. Regeneration greater than 1.2m in height was separated into size classes based on DBH,
including less than 3.5cm DBH and 3.5-5.0cm DBH. Shrubs were identified to at least the Genus
taxonomic level, and estimated percent cover to the nearest 5% within the subplot (Austin et al.
2016). Canopy openness was measured using a spherical densiometer in each subplot.

Additional site variables were gathered from the Web Soil Survey (WSS) using the
latitude and longitude for Plot 1 of every site. These variables included Cation Exchange
Capacity (CEC), drainage class, particle size composition (percent sand, percent silt, and percent
clay), pH, and soil series name.

Between December 2021 and March 2022, each site was revisited to collect additional
data on HWA population density and Carolina hemlock crown health using an adapted version of
the protocol identified in the Resource Managers Guide developed for integrated pest
management of hemlock woolly adelgid (Mayfield et al. 2020; Appendix 1). Data collection
included the visual crown condition ratings including crown density, crown dieback, and foliage
transparency for every living Carolina hemlock in the plot (following USFS FIA protocol for

crown health indicators in Schomaker et al. 2007). Adelgid infestation densities were estimated



on two trees at every plot where it was possible to do so. Detailed information describing the
protocol and ratings were documented in an addendum to Mayfield et al. (2020)(Appendix 1).
This information was collected in nearly every location; however, thick ice and snow made

Petites Gap treacherous and it was impossible to perform health checks there.

Data Analysis

Vegetation and abiotic parameters were summarized as site averages. Importance values
of tree (>5cm DBH) species were based on the average of relative density and relative basal area
of each individual species within a site. Outlier analysis identified two sites with potential for
removal (Mt. Jefferson and Roundtop). Mt. Jefferson was a very small population restricting the
ability to establish multiple plots at the site. Therefore this site was inventoried using a single
plot composed of a total of 11 Carolina hemlock trees located at the edge of a rocky outcrop.
While there were more Carolina hemlocks at the foot of the cliff, they were unreachable. Since
the sampling effort was unequal at this site, it was removed from further analysis. Roundtop is a
site at the southern extent of the species range that occurs at a lower elevation than other sites.
Sampling effort was equivalent to other sites (four plots were established). More overstory tree
species occurred here than nearly all other sites (with the exception of Iron Mountain) and this
lower consistency among species may have contributed to its outlier status. | chose to retain
Roundtop in analyses after verifying its inclusion did not substantially change the behavior of the
analyses.

The overstory tree importance values were ordinated using Nonmetric Multidimensional
Scaling (NMS) analysis to identify trends in these data. A secondary matrix comprised of abiotic

and additional biotic variables was compared with the ordination to explore explanatory



variables. These variables included latitude, longitude, slope, several soil parameters described
earlier, overstory richness, basal area, and shrub composition. Cluster analysis was used to
initially classify the dataset using Bray-Curtis distance measures and the flexible beta linkage
method to construct a dendrogram of sample plots based on species composition. Groupings of
compositionally similar sample plots were identified within the dendrogram by comparing
species dominants and resulted in assigning three groups. These groups were used as a
categorical variable in the ordination display to compare the patterns resulting from the two
multivariate methods. All multivariate analyses were performed using PC-ORD v 7 (McCune

and Mefford, 2018).

Establishment Dates

Tree cores were mounted, sanded and scanned. Ages were established using ring counts
performed with CooRecorder (Cybis Elektronik & Data AB). When the core did not include the
pith, the software estimated the count of missing rings based on ring curvature. Cores were

cross-dated by species within sites and binned into decades of establishment.

FIA

Data from the USDA FS Forest Inventory and Analysis plots was used to supplement the
descriptive analysis of community composition of Carolina hemlock occurrences. These data are
publicly available in the FIA database and include species and dbh of all standing trees (>12.7cm
DBH) on an accumulated 675m? fixed area plot (USDA Forest Service, 2022). All plots with any
occurrence of Carolina hemlock were used; in the case that the plots were measured multiple

times, data was used from the most recent sampling event for compositional comparisons.



Importance Values were calculated per plot as described above and used in a NMS
ordination to visualize vegetation structure across the Carolina hemlock range, including data
from FIA and this project's inventory. A secondary matrix was used to aid visualization and
interpretation of correlations among overstory species and several stand level variables
(including overstory tree species richness, Shannon diversity, Simpson diversity, stand density,
and basal area). For plots measured multiple times, the number of living and dead individuals per

time period were calculated to estimate annual mortality patterns.

HWA Density and Crown Health

Tree ratings were averaged by site and used in general linear models to describe both the
density of HWA and the percent dead Carolina hemlock. Multicollinearity was assessed first
using tolerance and variance inflation diagnostics to remove strongly correlated variables.
Following this, effect selection was performed using PROC GLMSELECT (SAS v. 9.4). Two
separate models were used to identify first, any biotic variables strongly influencing adelgid
presence and second, other stand and abiotic variables that related. Models were selected via
backwards selection based on AIC. This process was repeated to identify again the biotic and

abiotic effects influencing the percentage of dead Carolina hemlock per site.

Cluster analysis was used to classify the sites into groupings based on the six health
metrics (foliage transparency, crown dieback, crown density, live crown ratio, percent new
growth and percent dead tips) and four groups were identified. Lastly, principal components
analysis was used to visualize the similarities and differences in health metrics among sites. A
secondary matrix was used to assess how the patterns in health metrics related to the HWA

infestation density, percent dead Carolina hemlock, Live Crown Ratio (LCR), and a few other



influential stand and abiotic variables (density, basal area (BA), tree species richness, slope,
latitude, longitude, elevation). Following ideas raised by McAvoy et al. (2019) and referenced in
Mayfield et al. (2020) I calculated the crown health index (CHI) and the composite crown health
index (Comp CHI) for inclusion in the secondary matrix. CHI is the average of crown density;
percent new growth; live crown ratio multiplied by 100; and the inverses of crown dieback and
percent dead tips. Lower foliage transparency and crown dieback values indicate healthier
Carolina hemlocks; subtracting these from 100 allow them to be easily compared with other
variables (Appendix 1). CompCHlI is the average of crown density; live crown ratio multiplied

by 100; and the inverses of foliage transparency and crown dieback.

Results

Composition and Describing Community Types

| visited 21 Carolina hemlock populations and found that Carolina hemlock importance
values ranged from 14-100% (Table 2a). The stands had overstory richness values from 5-17
species; overstory basal area values from 11.8-68.5m2 ha'; overstory density values from 775-
2200 stems ha*; and canopy heights from 3.8-22.8m (Table 2b). Canopy density ranged from
58-100% cover, with 1.5-100% shrub cover and regeneration counts from 7.1-2170 stems m™.
The elevation ranged from 203-475m, with slopes from 11.5-45 degrees (Table 2c). Soils were
typically sandy with a low percentage of clay.

Performing NMS ordinations with 3 axes explained a cumulative 90% of the variation in
my gathered data, with nearly 80% of the total variation explained by Axes 1 and 2 (49.5% and

31.5% respectively)(Fig. 2a). Axis 3 accounted for an additional 12.5% of the variation in
10



overstory composition (Fig. 2b). Although Carolina hemlock was present in all sites, a group of
sites differentiated from others higher on Axis 2 based largely on the relatively higher
importance of Carolina hemlock within these sites. Axis 2 had a strong positive relationship with
Carolina hemlock (R? = 0.805) and a middling negative relationship with Oxydendrum arboreum
(L.) DC. (R? = 0.447)(species centroids displayed in Fig. Al). Axis 2 also had weak positive
relationships with Carya tomentosa (Lam.) Nutt. (R? = 0.311), slope (R? = 0.268), and overstory
richness (R? = 0.273).

Another group of sites separated from others along Axis 1 based on a higher importance
of Quercus montana, more easterly location (higher latitude), and a higher percentage of sand in
soil composition. Axis 1 had a strong positive relationship with Acer rubrum (R? = 0.632) and a
strong negative relationship with Quercus montana (R? = 0.794). Axis 1 also had a weak positive
correlation with soil pH (R? = 0.293). A smaller group of sites that occurred higher along Axis 1
had relatively higher importance of Acer rubrum, greater number of overstory tree species, and
tended to be located on easterly-facing slopes.

Axis 3's strongest relationship was with Quercus rubra L. (R? = 0.505). Axis 3's second-
strongest relationship was with members of Ericaceae (R? = 0.369). It had several weak
relationships (R? = 0.2-0.3) with secondary factors including overstory basal area. The cluster
analysis and resulting dendrogram supported the visual separation of the groupings in most cases

(Fig. A2).

Establishment and Replacement Patterns

Carolina hemlock establishment exhibited a consistent pattern of increasing and then

decreasing recruitment numbers in all sites (Fig. 3). Carolina hemlock began recruiting in earnest
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during the 1940s and 1950s, reached peak recruitment several decades later, and then began
declining. Carolina hemlock recruitment decreased for all the measured sites from 1970-1980
and reached extremely low numbers in the 1990s with increased presence of HWA. At present,
Carolina hemlock does not appear to be recruiting enough to maintain its populations. During the
Carolina hemlock peak years, it seems to have been the most prevalent overstory species

recruited.

In certain locations, a clear shift in recruitment occurred from pine dominated
regeneration (e.g. Cliff Ridge) or hardwood species including oaks (e.g., Dobson Knob and Iron
Mountain) to regeneration mostly dominated by Carolina hemlock. At the high elevation stand
on Iron Mountain (IronMt_Top) the largest recruitment group for the time period was
approximately 10 individuals, contrasted with large pulse of recruitment of 40 or more
individuals for each of the 1950s-1970s decades that occurred at the lower elevation stand (Iron
Mtountain_Low). Lost Cove also had a large pulse of recruitment relative to other sites. Lost
Cove had approximately 20 Carolina hemlocks recruited in the 1930s, followed by 50-70

individuals for each of the next several decades.

At present, Carolina hemlock seedlings and saplings compose only a small portion of the
regeneration in most sites (Fig. 4). Only four Carolina hemlock saplings in the regeneration plots
reached 1.2m or higher, as opposed to 105 stems of various other species (3%)(Table Al).
Carolina hemlock regeneration that survived to 1.2m height never had more than 0.07 stems m2,
whereas other species reached a high of 1.34 non-Carolina hemlock stems m-2 at Petite's Gap,
and an average of 0.375 non-Carolina hemlock m™ across all sites. Carolina hemlock in the
understory reached a high relative density of 9.6 at Flat Top. I found that Cripple Creek, Flat top,

and Wildcat had the highest amount of Carolina hemlock in the understory, but this does not
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align with overstory species abundance (Table 4). While Carolina hemlock had a high
importance value in both Shope Creek and Bluff Mountain, it had low counts per square meter at

these locations.

Trends from National Forest Inventory

Although Carolina hemlock occurs in 47 FIA plots, it is of very low abundance (typically
1-4 stems per plot). Approximately a quarter (27.5%) of the trees that were resampled, died
during the snapshot years (1989 to 2020). Based on the FIA data, | estimate CH has an annual
mortality rate of 4.0% yr (again during this timespan). Only two plots had crown health ratings,
so | are unable to report anything further based on crown vigor. The plots that have mortality are

spread out and scattered rather than in just one area.

The multivariate analysis effectively separated the tree composition among datasets used,
with the importance of Carolina hemlock strongly sorting the FIA datasets from the populations
used here and in Keyser et al. (2023). Whereas FIA sites are randomly located, the sites used in
this study and in the Keyser et al. study were selected specifically based on Carolina hemlock
abundance. The comparison of these sites relative to one another indicates that FIA currently
does not represent the key communities for this rare and vulnerable species. A three axis
ordination explained a cumulative 74.7% of the variation (Axis 1 = 33%, Axis 2 = 23.9%, and
Axis 3 = 17.7%) (Fig. 5). Most of the relationships with species were not very strong (R? = 0.33-
0.39). Few correlations were found with abiotic and stand variables in relation to overstory

composition.
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Axis 1 was positively related with Carolina hemlock (R? = 0.547) and negatively related
with Liriodendron tulipifera L. (R? = 0.392). It had a very weak negative relationship with
overstory richness (R? = 0.171). Axis 2 had a negative relationship with Quercus montana (R? =
0.357) and a positive relationship with Betula lenta L. (R? = 0.367). It had no relationships with
the secondary matrix. Axis 3 had a positive relationship with Pinus strobus L. (R? = 0.341) and a
negative relationship with Quercus rubra (R? = 0.332). Axis 3 also had weak positive

relationships with total density ha-1 (R? = 0.139) and total BA ha-1 (R? = 0.152).

Several relationships noted in the ordination of my inventory were present in this analysis
as well. Factors noted in both sets included Tsuga caroliniana, Quercus montana, Quercus
rubra, overstory richness, and basal area. But the number of species included in the analysis was

greater here, 57 species versus 38 species occurring in the 20 sites examined earlier (Fig 2).

Carolina Hemlock Health

My first model selection focused on whether any health metrics can be used to detect
HWA presence (Fig. A3 displays average metrics per site). The initial model included percent
dead Carolina hemlock, foliage transparency, crown dieback, crown density, live crown ratio,
percent new growth, and percent dead tips as potential predictors. Regression analysis revealed
that crown density had a VIF of 5.1, so this was removed. A backwards GLM selection ended
with a completely empty model, indicating that none of the health factors successfully predict

HWA presence.

| then performed a second set of model selections using other stand values and site

factors. This determined that canopy height had a VIF of 6, and so | removed it from the model.
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The final model included eastness, total species richness, slope, and latitude and had an adjusted
R? of 0.681 (Table 5). When | performed an additional selection using CHI in the inputs, the
final model included latitude, slope, and CHI; and had an adjusted R? of 0.583. This indicates

that abiotic factors are the best indicators of HWA presence in a Carolina hemlock stand.

I ran the model selections both with and without treated stands to assess if they affect the
model performance. When | removed treated stands from the model selection, there were still no

crown indicators selected as predictors.

| then performed several analyses to find if any predictors relate to percent dead hemlock.
A correlation analysis determined that percent dead Carolina hemlock was negatively correlated
with live crown ratio (p = 0.0067; r = -0.509). None of the indicators seemed to have high
collinearity. A model selection using health indicators to predict percent dead Carolina hemlock
chose live crown ratio as the only predictor (R? = 0.3897)(Table 6). A second model selection
testing stand and abiotic variables chose canopy density as the only predictor (R? =
0.1407)(Table 7). I checked the model to determine whether treated versus untreated stands
affected model performance, but they were not influential and | decided to leave them in to
provide a robust dataset. A model selection including composite health index (CompCH) in the
predictors chose composite health index, number of Carolina hemlock individuals, and eastness

as model predictors (R? = 0.297).

| performed one final ordination (PCA) to examine the tree crown visual ratings. The
relationships or positioning of variables were largely self-explanatory and to be expected, but
provide a visual display of how these factors varied within sites and how sites related to one
another relative to their vigor. Axis 1 was correlated positively with crown density; and

negatively correlated with crown dieback and foliage transparency (Fig. 6). Axis 2 was related to
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branch tip metrics, with new growth increasing and percent dead decreasing along the axis.
Foliage transparency also had a weak positive correlation with Axis 2. While the composite
health index showed up in this ordination, it was not identified by any of the model selections,

most likely because it had a high degree of collinearity in this analysis.

The sites separated into four distinct groups, which did not align with the clusters
observed in earlier ordinations based on tree species composition (identified in Fig. A2). The
more vigorous sites where trees were found to have a higher percentage of new growth and
denser crowns occurred higher along Axes 1 and 2. Roughly half of the sites fell into these two
groupings. Sites with hemlock exhibiting more crown dieback and/or thinner crowns occurred
opposite the vigorous groups, separating into the upper left portion of the ordination scatterplot.
A small group of three sites (Lost Cove, Flat Top, and Roundtop) separated based on a higher
percentage of dead branch tips observed in these populations. Few of the many abiotic and stand
variables related well to the patterns observed based on crown vigor. Stand basal area and soil
pH were among the few variables that were weakly correlated to less vigorous sites. Roundtop,
Lost Cove, and Flat Top were all at least partially treated but had lower rankings for crown

condition. | did not see evidence that treatment history had affected these results.

Discussion

My multivariate analyses identified three communities separated based on the dominant
species composition. Carolina hemlock was an important driver of the classification. Where
Carolina hemlock reached its maximum importance, most often Quercus rubra, Pinus pungens
Lamb. or Pinus virginiana Mill. were codominants. Less frequently, species such as Sassafras

albidum (Nutt.) Nees or Halesia carolina L. were present. A second community was identified
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where Carolina hemlock was moderate in importance. The dominant species of these sites were
often Nyssa sylvatica Marshall and/or Quercus montana and Acer rubrum occurred frequently.
Carolina hemlock was least important in the third community identified. These sites were
dominated by Acer, Quercus or Carya and had a lack of any Pinus or Tsuga (evergreen) species.
Axis 1 displayed variation in several species and abiotic variables; axis 2 displayed variation in
species diversity versus pure Carolina hemlock stands; and axis 3 showed the variation in canopy

height, contrasting large degrees of shrub cover with high overstory canopies.

NatureServe (NatureServe 2023) identifies four associations for Carolina hemlock: Tsuga
caroliniana - (Tsuga canadensis)/Rhododendron maximum L. Forest; Tsuga caroliniana - Pinus
(rigida Mill., pungens, virginiana) Forest; Tsuga caroliniana / Kalmia latifolia - Rhododendron
catawbiense Forest; and Liriodendron tulipifera - Pinus strobus - (Tsuga canadensis) / Carpinus
caroliniana Walter / Amphicarpaea bracteata (L.) Fernald Forest. Only a few of the species
listed in the NatureServe associations were influential in the separation of community types in
my inventory. From the Tsuga caroliniana - Pinus (Rigida, pungens, virginiana) Forest, Quercus
montana, Quercus rubra, and Carya glabra (Mill.) Sweet were significantly related to
composition patterns in my inventory. Nyssa sylvatica from the Tsuga caroliniana / Kalmia
latifolia - Rhododendron catawbiense Michx. Forest was also found to have a weak correlation
with axis 1. The three groups identified in my community analysis did not align perfectly with
the NatureServe communities, though some sites did fall into groups together as shown in Table
8. This disjunct between NatureServe's communities and my community groupings makes sense,
as their sampling was more limited than mine. NatueServe notes that occurrences in NC and VA
where the tree is most widespread are not as well documented for them as those in Tennessee

and Georgia. Three of the four sites classified into the low Carolina hemlock importance group
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from my analysis matched the imperiled Tsuga caroliniana / Kalmia latifolia - Rhododendron
catawbiense Forest, and half of the sites where Carolina hemlock was most important were
identified as the critically imperiled Tsuga caroliniana (-Canadensis)/ Kalmia latifolia -

Rhododendron catawbiense Forest.

The Forest Inventory and Analysis database is designed to monitor America's forests by
performing annual inventories of plots to monitor changes in the forest structure and
composition. While it is not designed to monitor the effects of invasive insects on a landscape
scale, it does have potential to provide valuable information related to HWA and other invasive
pests (Vogt et. al. 2016). One of this project's goals was to assess how well the FIA program
currently monitors rare species. The ordinations assessing similarity between my plots and the
FIA plots were very different, indicating that the FIA really does not capture the full range of
Carolina hemlock communities. This is because of several factors. First, there are only crown
health ratings for two of the FIA plots that contain Carolina hemlock. Second, FIA plots are
randomly generated with one plot per 2,403 ha of land (Vogt et. al. 2016). Given that Carolina
hemlocks grow in small, limited populations, a number of the FIA plots that contain Carolina
hemlock have only a single individual occurring in the plot. Finally, FIA omits some species
from its inventory if they are deemed too rare or in too small of a range (Potter et. al. 2019a).
Using the FIA dataset to monitor community vigor of species such as the Carolina hemlock
would require that regular crown health assessments be performed in plots subjectively placed

within known communities.
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Recruitment and Replacement Patterns

My data show that the communities were recruiting Carolina hemlock individuals as
early as the 1920s in some areas, though it remained a small portion of overall recruitment for
several decades before becoming a major component of the regeneration layer. Carolina hemlock
recruitment increased significantly in most of my sites in the 1940s-50s. This aligns with Rentch
et. al's mention that the development of Carolina hemlock forests was linked to the loss of the
American chestnut and other episodic disturbances. The chestnut blight was introduced to the
southern Appalachians in the 1920-1930s and American chestnuts died out in the canopy layer
over the next several decades (Grover et. al. 2023). Sampling from before widespread HWA
infestations indicated that Carolina hemlock populations were maintaining healthy overstories
and that it was possible for a Carolina hemlock stand to maintain itself over time given low

mortality of overstory trees (Humphrey 1989, Rentch et al. 2000).

Carolina hemlock recruitment began decreasing as early as the 1950s-60s at Lost Cove
and as late as the 1970s-80s in Cliff Ridge and Dobson Knob populations (Fig. 3). However,
HWA was not observed in North Carolina until the mid 1990s and may not have been the cause
of this decline in recruitment (Vogt et. al. 2016). Other causes impacting Carolina hemlock
include climate change effects such as increasing temperatures, wildfires, and droughts (Potter
et. al. 2017). By the 1990s, there was almost no Carolina hemlock recruitment in any of my
intensively cored sites and at present there is almost no Carolina hemlock recruitment in any of
my sites. While there are some seedlings present in the understory, very few of them reach more
than a foot in height. Levy and Walker (2014) observed that while smaller trees are more

vulnerable to HWA impacts, seedlings were less likely to have severe infestations because of
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seedling mortality. Encouraging recruitment and survival of seedlings will be a crucial step in

conserving Carolina hemlock communities.

The regeneration record shows that after Carolina hemlock establishment begins
decreasing, it is often replaced by a variety of Quercus species or other hardwoods. In studies of
Tsuga canadensis, deciduous species often respond to compensate for hemlock growth declines
(Rentch et al. 2009), though when Rhododendron is abundant this often interferes with
subsequent recruitment of any species (Ford et al. 2012). Shrub cover was fairly variable across
these intensively sampled sites, ranging from 4-78% cover, with Lost Cove having the highest
coverage. Shrub coverage and regeneration do not have any clear correlation patterns. Based on
the tree ring analysis, | saw a minor trend for other hardwood species to increase establishment
in later decades but more evidence of this shift in the regeneration data. This shift in species
composition following a decline in Carolina hemlock may have short and long-term effects

similar to those summarized by Vose et al. (2013) following declines in Tsuga canadensis.

Tree versus Site Predictors

My model for identifying HWA presence by using site and community factors was
reasonably successful and can be used to identify and prioritize treatment of high-risk Carolina
hemlock communities. NatureServe developed a recommended framework for ranking the
population viability of Carolina hemlock stands. These rankings range from excellent to poor,
denoted with an A - D score. Stands are assigned a score based on the size of the population, the
canopy conditions, species composition, shrub cover and disturbance. An A rank population has

at least 500 trees, is dominated by Carolina hemlock, and does not have invasive species such as
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HWA present. Rank B is described as 35-99 trees with no invasive species present. Rank C is
described as either 10-35 healthy trees or a larger number of struggling trees, with minimal
impact form invasive species. Rank D is described as 1-10 trees in poor condition with heavy

impact from HWA.

Nearly all of the sites inventoried would be classified as poor viability (Rank D) given
the description including the statements "10-34 trees in a high quality habitat or more numerous
trees in a degraded or impacted stand™ and "occurrences should not be impacted or only
marginally impacted by [HWA]. All of my sites are infested with HWA and most, if not all, have
some combination of sparse Carolina hemlocks and declining health. Bluff Mountain and Cold
Mountain could potentially rank "C" grade given their fairly low HWA infestation densities and
fairly healthy crown conditions. Because the NatureServe guideline does not differentiate
between the majority of the sites, it is not particularly helpful for prioritizing the viability of the
Carolina hemlock communities following the spread of HWA. Instead, | used the crown
condition variables to classify stands into groups of similar vigor (Fig. 6). | visually assessed
whether these vigor groupings appeared to cluster spatially (note symbology in Fig. 1), but did

not see any strong patterns.

My HWA prediction model could also potentially be used to identify locations that are
less hospitable to HWA but suitable for Carolina hemlock. These locations could then be used to
monitor community vigor or prioritized for conservation by treating for HWA. They could also
potentially be used for in-situ conservation plantings, though that may not be practical given
accessibility issues. However, it may be necessary to refine my model before using it for these

purposes. Previous research had identified tree and site variables most often influenced Tsuga
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canadensis vulnerability (Pontius et al. 2002) although which variables and the strength of their

effect are inconsistent across studies.

| also attempted to use crown conditions to predict HWA presence, but did not identify
any successful predictors. This makes sense, as HWA can be present in communities with almost
any health status. HWA prefers new growth, and its feeding results in decreasing food quality as
it strains the host tree's resources and results in loss of canopy and then a decrease in HWA
population size (Levy and Walker 2014). Crown conditions have been used in other studies to
predict tree mortality or growth declines, though thus far have only modeled these patterns for
Tsuga canadensis and not Tsuga caroliniana (Morin et al. 2015, Rentch et al. 2009). Crown
density, LCR, dieback, and transparency were found to have strong explanatory power for
growth declines or impending mortality in both studies. LCR was found to have explanatory
power for the number of dead hemlock occurring in a site, but no other crown condition classes
were correlated. It should be noted that total species richness was identified as significant in the
community analysis, the regeneration analysis, and chosen as one of the variables to include in
the model for predicting HWA presence. Overstory basal area was also significant in the
community analysis and the regeneration analysis, and was the only predictor for percent dead

Carolina hemlock.

Limitations

One of the limitations in my study is the lack of treatment records for the majority of my
plots. | was able to confirm that several sites had been treated for HWA, but were unable to

acquire information on when or how intense the treatment had been. | was also unable to
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confirm that any sites hadn't been treated. I did perform additional analyses in an attempt to
determine whether treated stands were affecting my results, but there was no evident change in
the results. Treatments had visual effects on stand vitality in several locations and being able to
confirm other sites as treated vs untreated, and then incorporate this data into my analysis, could

reveal previously undetected patterns.

An additional limitation is that many of the sites are located on very steep terrain, with
most of the Carolina hemlocks in areas that are difficult or impossible to reach safely.
Unfortunately this did limit my data collection to individuals on the edge of stands in several
locations (e.g., Raven Rock, Roundtop). However, the effort required to safely reach these areas
may be worth future effort, as they would provide valuable information and allow for a much
more robust dataset. Even monitoring the communities on a few slopes could be valuable for
assessing the impacts of extremely steep slopes on both Carolina hemlock regeneration and
HWA presence. Even without descriptions of these extreme slopes, the descriptions of the
populations | do present adds to the depth of element occurrences available for western North

Carolina that may be lacking from NatureServe.

Conclusion

My study focused on collecting range-wide community composition data to analyze and
monitor Carolina hemlock forests. | compared my data with existing datasets and performed
crown health assessments in nearly every plot in my dataset. The FIA system does not currently
work to monitor rare species in my forests, but has a great deal of potential if it is adjusted for

these purposes. Without intervention, Carolina hemlock could soon be extirpated from its natural
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habitat, which at a local level would influence site factors such as light levels, soil acidity and
temperature, and more far-reaching (or globally) would lead to the loss of biodiversity. Many
other rare species are also in danger from invasive insects and diseases and climate change, and

it is vital to find viable methods to monitor them in their natural communities.
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TABLES

Table 1. Sites were identified based on previous work to map locations of populations included
in the final column. | note below if sites were treated for HWA completely (All) or partially (P).
No sites were confirmed untreated.

Site County State Treated Included in
Petites Gap Rockbridge VA - -
Sinking Creek Craig VA - P
Cripple Creek Wythe VA - J,P
Mount Jefferson Ashe NC All P
Bluff Mountain Ashe NC - J,P
Wildcat Rock Alleghany NC - J

Iron Mountain Carter TN All J,P, K
Cliff Ridge Unicoi TN - J,P,K
Flat Top Mountain Yancey NC P -
Hawksbill Mountain Burke NC - P
Dobson Knob McDowell NC P P, K
Lost Cove McDowell NC All K
Shope Creek Buncombe NC P -
Raven Rock Henderson NC - -
World’s Edge Polk NC - -

Cold Mountain Haywood NC - -
Looking Glass Transylvania NC P P
Greenland Jackson NC - -
Table Rock State Park Pickens SC P P
Roundtop Mountain Pickens sC P P

J=Jetton et al. 2008; P=Potter et al. 2017; K=Keyser et al. 2023
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Table 2. Stand composition (A), structure (B), and abiotic (C) variables summarized by site. Mean values are shown based on four plots

established per site, with the exception of Mt. Jefferson where only one plot was measured. Values in Table A are tree species importance values

calculated as the average of relative density and basal area.
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Table 2-B. Summary of biotic variables by site

Site %CH OS 0S 0S canopy canopy shrub ericaceous regen Group
richness Density BA height  density cover shrub cover density
% count stems/ha m2/ha ft % % % stems/0.01ha
Mt Jefferson 100 1 1200 11.8 12.42 61.0 10 5 7.1 -
Lost Cove 66 8 1615 40.0 36 90.8 78 72 210.0 A
Cold Mt 55 7 1600 68.5 53.16 99.7 17 17 178.6 A
Sinking Ck 53 5 875 45.1 51.46 96.5 2 2 330.7 A
Greenland 50 6 800 39.2 55.58 96.1 100 71 37.1 A
Raven Rock 46 9 1300 56.4  46.75 97.3 29 24 145.0 A
Iron Mt Low 43 12 1500 59.7 75 90.8 4 4 260.0 A
Shope Ck 41 5 1075 51.7 39.3 97.4 2 2 123.8 B
Cliff Ridge 38 12 2200 40.3 37.63 97.8 22 17 427.9 A
Flat Top Mt 38 10 1275 40.3 40.76 98.6 18 17 831.1 A
World's Edge 37 8 1000 37.3 55.65 93.3 61 61 72.5 B
Hawksbill Mt 33 7 925 16.5 21.61 58.8 41 38 166.2 B
Cripple Ck 32 11 1350 64.1 46.24 95.8 18 17 468.6 B
Bluff Mt 31 7 875 47.8 39.25 93.6 19 19 65.4 C
Looking Glass 30 9 1375 46.7  39.98 98.3 91 47 537.6 B
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Table 2-C. Summary of abiotic variables by site

Site %CH %sand %silt %clay Soil pH Hydrologic Elevation Slope Northness Eastness Topclass Group
Group
% % % % m %
Mt Jefferson 100 44 41 15 5.5 A 1320 45 0.707 -0.707 4 -
Lost Cove 66 68 20 13 4.8 B 811 20 0.830 -0.280 2.5 A
Cold Mt 55 66 23 12 4.5 A 1560.5 19 0.846 -0.231 5 A
Sinking Ck 53 65 25 10 4.75 A 971.75 17 0.585 -0.699 2 A
Greenland 50 56 18 27 5.5 A 1198 30 0.196 -0.522 3.5 A
Raven Rock 46 67 20 14 4.75 B 788.75 30 0.427 0.177 15 A
Iron Mt Low 43 37 51 12 4.55 D 865 20 0.440 -0.660 2.5 A
Shope Ck 41 67 20 14 4.75 BD 1161.5 25 0.110 -0.870 3 B
Cliff Ridge 38 64 15 13 4.5 D 682 26 0.177 -0.427 1 A
Flat Top Mt 38 45 43 12 4.75 CB 1138.75 22 -0.780 -0.177 3.25 A
World's Edge 37 67 20 14 4.5 C 886 15 0.408 -0.081 2 B
Hawksbill Mt 33 66 23 12 4.5 BD 1163 19 -0.772 -0.054 3.5 B
Cripple Ck 32 25 55 20 5 904 16 0.354 -0.162 2 B
Bluff Mt 31 44 41 15 5.5 A 1351.5 12 -0.449 0.835 4 C
Looking Glass 30 65 26 13 5.25 DB 1131.25 12 -0.216 -0.272 3 B
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Table 3. Age range of Carolina hemlock across populations. Note increased sample size in a subset of
selected sites (these five sites were cored in 2018; all others in 2021). No cores were collected from
Greenland or Hawksbill Mountain. Trees at Cliff Ridge, Dobson Knaob, Lost Cove, and Iron Mtn (Low
and Top) were collected 0.5m above root collar. All other trees were cored at breast height.

Age (years)

Sites Count | Mean Minimum Maximum
Bluff Mt 1 125 125 125
Cold Mt* 1 40 40 40
Cripple Creek 4 40 25 58
Flat Top Mt 5 51 40 66
Looking Glass 2 42 41 42
Petite's Gap 7 47 28 69
Raven Rock 7 73 37 111
Roundtop 7 49 36 57
Shope Creek 6 50 24 88
Sinking Creek 12 69 47 90
Table Rock 8 59 31 76
Wildcat 1 37 37 37
World's Edge 3 44 40 50
Cliff Ridge 221 47 6 116
Dobson Knob 147 49 21 155
Lost Cove 195 63 32 102
Iron Mtn - Low 170 56 29 92
Iron Mtn - Top 60 52 20 110




Table 4. The density of the regeneration layer (individuals <5.0 cm DBH) at all sites, for all species
combined and Carolina hemlock individually. The relative density (%) of hemlock in the regeneration

layer and relative importance (%) in the tree layer are contrasted, with the top 3 values in each category in

bold.
Regen counts per me TSUCAR
Sites All species TSUCAR | Regen Rel Den  Tree Rel IV
Bluff Mt 2.62 0.21 8.1 31.1
Cliff Ridge 17.11 0.07 04 38.0
ColdMountain 7.14 0 0 55.3
Cripple Creek 18.74 1.13 6.0 32.3
Dobson Knob 10.54 0 0 25.7
Flat Top Mt 33.24 3.18 9.6 37.6
Greenland 1.49 0 0 50.0
Hawksbill 6.65 0.07 1.1 32.6
Iron Mt - Low 4,52 0.05 1.1 43.4
Iron Mt - Top 5.64 0.03 0.6 19.8
Looking Glass 21.50 0 0 30.3
Lost Cove 3.82 0.10 2.7 65.9
Mt. Jefferson 0.07 0 0 100
Petites Gap 9.97 0 0 14.2
Raven Rock 5.80 0.14 2.4 45.9
Roundtop Mt 10.25 0 0 16.3
Shope Creek 4.95 0.35 7.1 41.3
Sinking Creek 13.22 0.07 0.5 52.7
Table Rock 86.78 0 0 18.4
Wildcat Rock 31.61 0.64 2.0 28.2
World's Edge 2.90 0.14 4.9 36.5
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Table 5. Selected best fit model for HWA infestation density (Adj R2 = 0.681). Parameters removed
included canopy density, LCR, density, % dead CH, crown density, %deadtips, northness, elevation, CH
density.

Parameter Estimate  Std Err T value P value
Intercept -1475.7 324.7 -4.6 0.0007
Latitude 36.9 8.7 4.3 0.0011
Slope 5.2 1.1 4.8 0.0005
Eastness 41.0 16.6 2.5 0.0296
Species richness 10.7 4.0 2.7 0.0189

Table 6. Selected best fit model for %DeadCH (Adj R? = 0.3897). Parameters removed included % New
growth, % Dead tips, foliage transparency, HWA count, Crown dieback.

Parameter Estimate StdErr T value P value

Intercept 53.1 12.1 4.4 0.0004
LCR -63.7 17.6 -3.6 0.0019

Table 7. Selected best fit model for %DeadCH (Adj R? = 0.1407). Parameters removed included CH
density, elevation, slope, species richness, density, northness, latitude, eastness.

Parameter Estimate Std Err T value P value
Intercept -36.3 22.3 -16 0.1249
Canopy density  0.45 0.2 1.9 0.0765
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Table 8. Sites according to NatureServe communities, color coded by groups assigned in analyses

tulipifera - Pinus
strobus - (Tsuga
canadensis) /
Carpinus
caroliniana

NatureServe Vulnerability | Sites Color Coded By | Sites Color
Community Name Rating Community Analysis | Coded By Crown
Groups (Fig. 2) Vigor Analysis
Groups (Fig. 6)
1) Tsuga critically Flat top, sinking Flat top, sinking
caroliniana - (Tsuga | imperiled creek, IMB, lost cove | creek, IMB, lost
canadensis) / cove
Rhododendron
maximum forest
2) Tsuga imperiled CIiff ridge, cold Cliff ridge, cold
caroliniana - Pinus mountain, cripple mountain,
(rigida, pungens, creek, dobson knab, cripple creek,
virginiana) forest hawksbill, dobson knob,
hawksbill,
3) Tsuga imperiled Bluff, greenland, Bluff, greenland,
caroliniana / Kalmia looking glass, petite's | looking glass,
latifolia - gap, raven rock, petite's gap,
Rhododendron shope, table rock, raven rock,
catawbiense forest wildcat, world's edge, | shope, table
dobson knob, IMT rock, wildcat,
world's edge,
dobson knob,
IMT
4) Liriodendron vulnerable roundtop roundtop
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Appendix A. Carolina hemlock health protocol

| adapted my methods from the Resource Managers Guide developed for integrated
pest management of hemlock woolly adelgid (Mayfield et al. 2020), particularly the suggested
approach for Assessing the Strategy using hemlock health assessments. This hemlock health
analysis was developed for use on eastern hemlocks, and involves an analysis of several
factors: foliage transparency, crown density, crown dieback, and uncompacted live crown ratio.
Assessing foliage transparency requires the observer to look at the portion of the tree with living
foliage and determine the portion of light showing through. Even the healthiest hemlocks rarely
have a foliar transparency value lower than 45%. Crown density compares the density of the
live foliage to that expected if the tree were at full health. This is done by imagining a
symmetrical triangular outline from the top of the tree to the lowest, outermost branches; then
determining the amount of skyline blocked within the outline. Live crown ratio is simply the
height of the tree with live foliage divided by total tree height. Crown dieback is recent mortality,
which can be assessed by looking at fine branches with live foliage. Even extremely healthy
hemlocks will have a crown dieback value of 5-10%.

Figure 1. Crown outlines mentally drawn for rating hemlock crown health. To rate
foliage transparency, the observer draws a tight outline that clings to the currently-
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foliated portion of the crown (red dashed line). The relative proportion of skylight
visible within this outline is used to estimate foliage transparency. In contrast, when
rating crown density, the observer draws a loose outline that touches the outer
branch tips and projects the expected symmetrical crown shape for the tree (blue
solid line). The relative proportion of skylight blocked by tree structures within this
outline is used to estimate crown density. When estimating live crown ratio, the
height of the live crown (green line) is divided by the total height of the tree (yellow
line). A rating card (Appendix 1) can be used to aid with the estimation of these
variables. See the USDA Forest Service Crown Condition Classification Guide
(Schomaker et al. 2007) for more detailed instructions and guidelines for special
scenarios. (Credit: A. Mayfield, USDA Forest Service) From Mayfield et al. 2020

When examining Carolina hemlocks, the process is very similar. However, key differences must
be kept in mind. Unlike eastern hemlocks, unhealthy Carolina hemlocks frequently have patchy
areas that are entirely bare or only have thin foliage; healthy foliage on one side and extremely
thin foliage on the other; or a portion of thick foliage at the top of the tree but are otherwise
completely bare. Older trees are frequently more difficult to assess, as they naturally shade out
lower branches. It can be a challenge to distinguish natural mortality from that caused by poor
health. Another challenge with field assessments can be locating the canopies of individual
trees, particularly in high-density stands. Using a crown density-foliage transparency card can
make rating tree health much easier.
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Figur 2 ‘ Figure 3

Figure 4 ‘ Figure 5

Figure 2. Carolina hemlocks in dense stands frequently have little foliage in their lower branches. It can
be difficult to determine which specific tree you are looking at or to identify dieback during assessments.
Figure 3. Carolina hemlocks often have thin or patchy foliage, and sometimes do not conform to expected
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canopy shapes. Dieback can be tricky to identify. Figure 4. Older Carolina hemlocks frequently shade out
lower branches, which can make it difficult or impossible to reach live foliage for adelgid counts. Figure 5.
Foliage is often tufty, irregular, or isolated to upper portions of the tree.

When looking at foliar transparency, examine only the areas with live foliage. "Shrink-wrap" the
tufts of foliage in your head and identify the transparency, then repeat this process in several
other spots and take the average. Even extremely healthy Carolina hemlocks have a minimum
foliar transparency of 35-45.

Dieback should focus on thin twigs and branches that indicate recent mortality, especially ones
with live foliage on them. Older and larger Carolina hemlocks typically have no foliage on lower
branches, even if there are fine twigs that haven't yet broken off from the tree. This is a natural
occurrence and should be taken into account for crown density, but not for dieback. Very
healthy Carolina hemlocks have a minimum dieback value of 5.

Total Crown density can be calculated by establishing how much of the crown is missing from
the typical triangle shape and combining that number with the density of the tree, which is the
inverse of the foliar transparency (100-FT). Determining the amount of 'missing' crown can be
tricky given the Carolina hemlock's tendency to shade out lower branches even when perfectly
healthy, and is a somewhat subjective task.
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Figure 6. A FIA rating card - image from Mayfield et al. 2020

Adelgid Counts

Performing hemlock woolly adelgid (HWA) counts does not differ between eastern and Carolina
hemlocks save for difficulties in acquiring live branches. My process for HWA counts was
adapted from the Resource Managers Guide developed for integrated pest management of
hemlock woolly adelgid (Mayfield et al. 2020). HWA counts should be performed during late fall-
early spring, when the HWA ovisacs are easily visible. Colder locations can be assessed further
into the year than warmer locations. To perform a count, collect approximately six branches of
10 in. each, from regularly spaced azimuths. If branches cannot be collected from all sides of
the tree (a common issue with Carolina hemlocks), collect branches from as many azimuths as
possible but try to still get six. For each branch, follow the outlined process. Users should note
that because older hemlocks naturally shade out lower branches, it can be difficult or impossible
to reach live foliage.

1) Out of the 10 outermost twigs, identify the number of dead twigs.
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2)

3)

Out of the 10 outermost twigs, identify the number of new twigs. These are lighter-
colored than older twigs, and can be dead even though they are new.

Count the HWA ovisacs on the entire branch, up to 100. Only count the most recent
cohort of ovisacs, which can be identified by their fluffy appearance. Older cohorts
appear dried and desiccated. Be aware that in early spring, cold snaps can dry out
newer cohorts and make them appear old, though there is still often a visible difference
between cohorts.
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Figure A1. NMS ordination displaying sites (color coded) and species centroids.
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Appendix C.

Two way cluster analysis
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Figure A2. Two way cluster dendrogram of 20 sites inventoried in the current study
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Appendix D.

Table A1l. Summary of regeneration density by height/size class and site

Stems<0.3m Stems 0.3<1.2m Stems 3 < 5 dbh

Car Other Red Car Other Red Car Other Red
Sites hem oak | HW pine | maple | hem oak HW pine | maple | hem oak | HW pine | maple
Bluff Mt 0.14 | 0.50 0.43 0.57 0.28 0.21 0.07 0.07 | 0.07 0.28
Cliff Ridge 1.91 213 | 0.35 9.08 0.71 1.13 | 0.43 0.28 0.07 0.92 | 0.14
Cold Mt 2.48 1.99 2.48 0.14 0.07
Cripple Ck 1.21 | 4.18 0.50 | 0.99 11.35 0.07 0.14 | 0.14 0.07 0.14
Dobson Knob 0.78 0.99 | 0.07 6.45 0.28 1.28 0.35 0.28 0.07
Flat Top Mt 3.19 | 1.99 0.85 | 0.07 26.60 0.14 0.28 | 0.07 0.07 0.07
Greenland 0.50 0.07 0.92
Hawksbill Mt 0.07 2.48 0.35 3.62 | 0.07 0.07
Iron Mt Low 0.93 0.44 | 0.14 2.84 0.02 | 0.02 0.03 0.02 | 0.05 0.05 0.02
Iron Mt Top 1.04 0.25 2.82 0.02 | 0.20 0.39 0.73 | 0.02 0.12 0.10
Looking Glass 0.07 21.35 0.07 0.07
Lost Cove 0.03 | 0.54 0.07 | 0.02 2.94 0.02 0.05 0.05 0.05 | 0.02 0.02 0.05
Petites Gap 2.77 2.48 1.42 0.78 0.99 0.21 0.07 1.06 0.21
Raven Rock 0.14 | 0.71 0.57 3.76 0.28 0.35
Roundtop Mt 1.13 1.56 5.67 0.28 1.63
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Shope Ck 0.28 | 1.84 1.49 0.64 0.28 0.07 | 0.14 0.21
Sinking Ck 0.07 | 0.92 1.84 9.15 0.14 0.28 0.85
Table Rock 1.13 3.83 | 0.07 76.60 0.21 3.40 | 0.07 1.06 0.07 0.57
Wildcat Rock 0.43 | 0.43 0.78 | 0.43 28.65 0.28 0.21 | 0.14 0.35
World's Edge 0.07 | 0.43 0.71 | 0.07 0.57 0.07 | 0.07 0.21 | 0.21 0.07 0.28 | 0.07 0.07
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Appendix E. Boxplots of mean crown conditions by site
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Figure A3. Box plots of average crown conditions by site
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Figure A3 (continued). Box plots of average crown conditions by site
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