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Abstract
The invasive hemlock woolly adelgid (Adelges tsugae Annand) continues to threaten the survival of eastern hemlock (Tsuga

canadensis (L.) Carr.) and Carolina hemlock (Tsuga caroliniana Engelm.) in eastern North America. Effective restoration efforts
will require an integrated understanding of how these species respond to management interventions under current envi-
ronmental pressures. This study examined the early growth, survival, and pest resilience of eastern and Carolina hemlock
seedlings planted under varying competition control, insecticide treatment, and light availability regimes. Seedlings planted
along canopy gap transects (northern edge, center, and southern edge) exhibited consistently greater height (99.78 ± 0.85 cm)
and basal diameter growth (15.50 ± 0.15 mm) compared to those in adjacent forest interior plots (57.84 ± 0.93 cm and 9.60
± 0.16 mm, respectively), highlighting the positive influence of increased light availability on early performance. Growth and
survival were highest along the northern edge of gaps, likely due to favorable light conditions combined with reduced com-
petition from surrounding vegetation. Together, the results underscore the importance of targeted competition management,
localized site assessments, and integrated pest management strategies in supporting hemlock restoration.
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Introduction
Eastern hemlock (Tsuga canadensis (L.) Carr.) and Carolina

hemlock (Tsuga caroliniana Engelm.) are two conifers that are
under threat due to the introduction and spread of a nonna-
tive insect, the hemlock woolly adelgid (HWA; Adelges tsugae
Annand). Hemlocks are evergreen conifers distinguished by
their flat, needle-like leaves, small, pendant cones, and dense
canopies, which play important ecological roles in forest
ecosystems. Eastern hemlock is a highly shade-tolerant tree
species, most commonly associated with cool, moist riparian
areas, ranging from the southeastern United States along the
Appalachian Mountains to southern Canada, from Nova Sco-
tia west through Ontario, with some isolated populations in
the Great Lakes region (Burns and Honkala 1990). In contrast,
Carolina hemlock typically occurs along dry, rocky outcrops
and is endemic to the southern Appalachian Mountains, in-
cluding the western Carolinas, southwestern Virginia, and
eastern Tennessee (Rentch et al. 2000; Jetton et al. 2008)
Eastern hemlocks serve a crucial ecological role as founda-
tion species; their dense foliage creates distinctive, cool, and
shaded microclimates that slow nitrogen cycling, stabilize
watersheds, filter pollutants, and provide critical habitat for
a variety of animal species (Tingley et al. 2002; Ellison 2014).

The loss of eastern and Carolina hemlock carries differ-
ent but significant ecological and genetic consequences. East-

ern hemlock is widely distributed throughout eastern North
America, with regions such as the Southern Appalachians
and New England exhibiting high genetic diversity and al-
lelic richness (Potter et al. 2012). Although its widespread dis-
tribution and patchy populations may offer some resilience,
the gradual decline of low-density stands could slowly dimin-
ish its adaptive capacity and affect ecosystem functions in
the long run. Conversely, Carolina hemlock is a rare, range-
restricted species endemic to high-elevation forests of the
southern Appalachians (Jetton et al. 2008). It exists in a lim-
ited number of small, isolated populations, and although it
can disperse pollen and seeds via wind, gene flow is insuf-
ficient to prevent genetic drift and inbreeding (Potter et al.
2017). As a result, the loss of even a single population may
represent an irreplaceable loss of genetic diversity and evolu-
tionary history.

Hemlock woolly adelgid was first detected in eastern North
America in the early 1950s and was likely introduced through
imported nursery stock (Gouger 1971). In the native range
of HWA, host–herbivore interactions reflect a shared evolu-
tionary history (Havill et al. 2016). In eastern North Amer-
ica, where hemlocks lack such a history with adelgids, feed-
ing responses appear hypersensitive and, together with lim-
ited impact by predators, can result in rapid infestation
growth and tree decline (Havill et al. 2011). The pest feeds
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on carbohydrates in the xylem ray parenchyma cells, caus-
ing needle loss, reduced photosynthesis, and decline that
can lead to mortality within 3 years if untreated, although
some trees survive for a decade or more with gradually de-
clining health (Young et al. 1995; McAvoy et al. 2025). Im-
pact is compounded by the fact that HWA in eastern North
America reproduces entirely asexually, with two generations
per year, allowing populations to establish and grow quickly
from just a single introduction (McClure 1989; Tobin et al.
2013). Millions of hemlocks have already succumbed to HWA,
and while active management and restoration efforts are un-
derway, sustained and site-specific interventions are needed
to support the recovery and long-term stability of remaining
populations.

Recent research suggests that silvicultural treatments that
increase sunlight availability for eastern hemlocks may help
reduce HWA impacts. Artificial shading experiments on east-
ern hemlock seedlings show that increased sunlight is as-
sociated with reduced HWA densities and improved carbon
balance and growth (Hickin and Preisser 2015; Brantley et
al. 2017; McAvoy et al. 2017; Mayfield and Jetton 2020).
Field studies in the southern Appalachian Mountains further
demonstrate that small canopy gaps, reported as approxi-
mately 1

4 to ½ of dominant tree height in one study and as
∼15 m radius in another, created above understory or mid-
story eastern hemlocks (diameter at breast height (DBH) 6.9–
18.2 cm) can enhance growth, crown condition, and physio-
logical resilience to HWA infestation, supporting the use of
light-enhancing silvicultural practices as a complementary
tool in integrated pest management for HWA (Miniat et al.
2020, Mayfield et al. 2023). While these findings highlight the
potential for thinning and selective cutting to improve grow-
ing conditions, light-driven gains in seedling performance
may be offset by the rapid expansion of hardwoods and ag-
gressive understory vegetation, highlighting a key trade-off
in gap-based restoration strategies (Mayfield et al. 2023). Ad-
ditionally, little is known about how Carolina hemlock would
respond to these treatments, particularly in direct compari-
son with eastern hemlock, as the two species typically occur
in different habitats.

We conducted a field experiment to investigate differences
in seedling growth, survival, and HWA presence between
eastern and Carolina hemlocks across light gradients cre-
ated by silvicultural canopy gaps. Unlike many studies con-
ducted under controlled greenhouse conditions, our field
trial captures the complexity and variability of natural en-
vironments, potentially offering insights that are more rep-
resentative of seedling responses. Additionally, we tested
whether planting seedlings in canopy gaps reduces reliance
on chemical protection from HWA, and whether this varies
between species. Finally, we assessed whether the poten-
tial benefits of increased light availability are offset by in-
creased competition from nontarget vegetation. Together,
these objectives are designed to inform future restoration
strategies by clarifying how environmental factors and man-
agement actions influence early hemlock seedling growth
and their long-term establishment in regions affected by
HWA.

Materials and methods

Site description
This study was conducted in the Pisgah National Forest

(35.4667◦, −82.6667◦) in Buncombe County, North Carolina,
USA. The site is part of a broader irregular shelterwood ex-
periment, a large-scale silvicultural study conducted in the
southern Appalachians (Grover et al. 2023; Arteman et al.
2025). The study area encompasses approximately 60 ha of
second-growth upland hardwood forest, with elevations rang-
ing from 700 to 1070 m. Forest composition is characteristic
of mixed oak–hardwood systems, dominated by Liriodendron
tulipifera L., Quercus montana Willd., Q. rubra L., Q. alba L., Acer
rubrum L., and several Carya species, with stand ages ranging
from 95 to 150 years (Grover et al. 2023). The region experi-
ences a temperate climate, with mean January and July tem-
peratures of 2.3 ◦C and 22.3 ◦C, respectively, and an average
annual precipitation of ∼120 cm (NOAA 2025). The site soils
are generally well-drained, with depths ranging from shal-
low to very deep. They are primarily classified as inceptisols
and ultisols. Inceptisols are relatively young soils with mini-
mal horizon development, commonly found in mountainous
or disturbed areas, and typically capable of supporting forest
vegetation. Ultisols, by contrast, are older, highly weathered
soils that are strongly acidic and nutrient-poor, with clay-
rich subsoils, characteristics typical of the humid, forested
regions of the southeastern United States. Soil textures vary
from sandy loam to clay. Some areas contain surface stones,
which could affect seedling establishment and soil accessibil-
ity (Allison et al. 1997).

Harvests associated with the irregular shelterwood experi-
ment occurred in the spring of 2019, creating 70 experimen-
tal canopy gaps ranging from 0.1 to 1.3 ha. Merchantable
trees (>30 cm DBH) were hand-felled and removed using skid-
ders and forwarders. Nonmerchantable stems were slashed
post-harvest and retained on site. A midstory removal treat-
ment was conducted throughout all nongap areas of the en-
tire stand with the intention of increasing light penetration
from the gap into the forest matrix. The midstory treatment
targeted mesic species (5–20 cm DBH) with a stem injec-
tion of herbicide containing the active ingredient glyphosate
(Arteman et al. 2025). The hemlock study described here was
established in eight of these gaps, each approximately 0.1 ha
in size.

Study design
In December 2019, 640 eastern hemlock and 640 Car-

olina hemlock seedlings were planted across eight experi-
mental canopy gaps and four forest interior plots. Two-year-
old seedlings were planted in 2 × 2 m spacing along north–
south transects in rows of four, alternating by species, with
144 seedlings allocated to each experimental gap plot and
32 seedlings for each forest interior reference plot (Fig 1).
The experimental gap plot consists of nine fixed-area sub-
plots, each containing 16 seedlings, along a north–south tran-
sect through the gap. The transects spanned a continuous
light gradient, extending from beneath the forest canopy
through the gap edge, across the gap center, and into the
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Fig. 1. Diagram of experimental canopy gap layout and seedling arrangement. The right side shows a schematic of two plots:
(1) an experimental gap plot and (2) a forest interior plot. The experimental gap plot consists of nine fixed-area subplots (green
squares) along a transect running north to south through the gap. Dotted lines indicate the three gap zones used for analysis:
Northern Edge, Center of Gap, and Southern Edge. One subplot is enlarged to show the internal seedling arrangement: each
square contains a 4 × 4 grid of 16 hemlock seedlings, with individuals labeled by species (C = Carolina hemlock, E = eastern
hemlock) and colored accordingly (light green = Carolina hemlock, dark green = eastern hemlock). Seedlings that received
CoreTect� treatment (20% imidacloprid and 80% 12-9-4 fertilizer, Bayer Cropscience LP, St. Louis, MO) are outlined with a box.

opposite forest canopy. The forest interior plots were estab-
lished to provide a heavily shaded environment with which
the gap plots could be compared. Seedlings were grown by
the North Carolina Forest Service at the Linville River Nurs-
ery in Crossnore, North Carolina, USA, with seeds collected
from local sources: eastern hemlock seeds from Gill State For-
est (36.0050◦, −81.9236◦) and Carolina hemlock seeds from
Hawksbill Mountain (35.9286◦, −81.9236◦).

Half of the experimental gap plots (n = 4) and half of each
forest interior plot received annual vegetation control, which
involved a combination of herbicide application during the
first 3 years post-planting (2020–2022) and mechanical con-
trol thereafter. The herbicide (Ranger Pro�, 41% glyphosate,
Bayer Cropscience LP, St. Louis, Missouri, USA) was applied
mid-summer with a backpack sprayer as a 2% solution (2.67
oz/gal) targeting ground layer vegetation (and avoiding hem-
lock seedlings) within each transect and 2 m beyond the last
seedling in each row. Subsequent mechanical control of com-
peting vegetation was applied to the same area using bladed
weed trimmers.

To evaluate chemical protection, half of all seedlings in
both experimental gap plots and forest interior reference
plots received a single CoreTect� tablet treatment (20% im-
idacloprid and 80% 12-9-4 fertilizer, Bayer Cropscience LP, St.
Louis, MO). The tablets provide chemical protection against
HWA for approximately 5–7 years, as well as fertilizer that
could aid plant growth (Cowles et al. 2006; Joseph et al. 2011;
Faulkenberry et al. 2012). At planting, tablets were placed
with the two hemlock seedlings at each row’s end, alternat-
ing with those at the opposite end. Each row contained four
seedlings, alternating between eastern and Carolina hem-

locks, ensuring each pair with a CoreTect� tablet included
one of each species (Fig 1).

Hemlock woolly adelgid densities remained low during
the initial years following planting, likely due to the lim-
ited local source population, as mature eastern hemlocks
were present on site but in relatively low numbers. Infested
branches from the Bent Creek Experimental Forest (Bun-
combe County, North Carolina, USA) were manually intro-
duced in spring 2022 to increase HWA pressure, with two
seedlings per subplot (one eastern hemlock and one Car-
olina hemlock) randomly selected to receive a single infested
branch (each ∼30 cm long with >100 ovisacs). This resulted
in 18 of 144 seedlings (12.5%) inoculated per experimental
gap plot and 4 of 32 seedlings (12.5%) inoculated per forest
interior plot. Branches were attached to seedlings using pipe
cleaners, with infested material assigned across all plots, re-
gardless of CoreTect� treatment.

Measurements
Baseline measurements of eastern hemlock and Carolina

seedling height, basal diameter, and survival status (0 = dead,
1 = alive) were collected in April 2020 following initial plant-
ing. Height and basal diameter were measured to the near-
est 1 cm and 0.1 mm, respectively, using a height pole and
calipers. In May 2020, 22 seedlings were replaced with new
seedlings due to early mortality. Annual surveys were con-
ducted each winter from 2020 to 2023, measuring seedling
height and basal diameter, along with assessments of HWA
presence (0 = absent, 1 = present). Seedlings were also
assessed annually for evidence of deer browse; however,
browsing occurred infrequently (8% of seedlings overall) and
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showed no consistent differences among treatments or lo-
cations. As a result, deer browse was excluded as a predic-
tor variable in later analyses, though data from browsed
seedlings were included in all other analyses.

Competition and vertical structure
To quantify vertical structure and understory competition,

vegetation was sampled in the summer of 2024 using a Wiens
pole (Wiens et al. 1987). Within each experimental plot, one
sampling point was randomly selected from each seedling
subplot (16 seedlings per subplot), resulting in nine measure-
ments per plot. Two sampling points were recorded per plot
in the four control plots, which contained fewer seedlings,
yielding eight control observations. At each sampling point,
a 2 m Wiens pole was vertically placed along the transect,
and all vegetation contacts were recorded by type (Rubus spp.,
vines, and nonhemlock tree species) (Haggerty 1998). Each
contact was tallied as a binary presence (1) or absence (0) at
defined height intervals: 0.0, 0.25, 0.50, 0.75, 1.0, 1.25, 1.5,
1.75, and 2.0 m. These scores were then averaged within each
location × competition control treatment combination to cal-
culate the mean percent cover of each vegetation type, pro-
viding a standardized index of vegetation structure and po-
tential competitive pressure.

Data analysis
All statistical analyses were conducted in R version 4.5.0

(R Core Team 2025). Linear mixed-effects models were fit us-
ing the lme4 package (Bates et al. 2015), and generalized ad-
ditive models (GAMs) were fit using the mgcv package (Wood
2017). Model diagnostics, including residual dispersion and
goodness-of-fit, were assessed using the performance (Lüdecke
et al. 2021) and DHARMa packages (Hartig 2022). All figures
and visualizations were generated using ggplot2 (Wickham
2016), with additional formatting and panel arrangements
applied through patchwork (Pedersen 2020).

Seedling establishment and growth
Analyses were stratified by canopy-gap experimental plots

and forest-interior reference plots to reflect differences in
sampling intensity, spatial replication, and environmental
context. For canopy-gap plots, we fit linear mixed-effects
models for seedling height and basal diameter to test the ef-
fects of species, treatments, and their interactions, while ac-
counting for repeated measurements and spatial nesting. Dis-
tance from gap center was included as a linear covariate to
represent overall positional effects along the transect. Fixed
effects were sampling date, species (Carolina or eastern hem-
lock), CoreTect�, and competition control, as well as their
interactions. Plot and individual tree identification number
were included as random intercepts.

Model assumptions for linear mixed-effects models were
evaluated using residual diagnostic plots (Figs. S2 and S3).
Height and basal diameter models exhibited increasing vari-
ance with fitted values; however, log-transformed sensitiv-
ity analyses substantially reduced heteroscedasticity and im-
proved residual behavior, and inference regarding treatment

and species effects was qualitatively unchanged. Results from
the original models are therefore presented.

To evaluate whether seedling growth responses varied non-
linearly with position along the transect and to character-
ize continuous spatial growth patterns across canopy gaps,
we separately fit GAMs. Seedling height and basal diameter
were modeled using a Gamma family with a log link (Figs.
S4 and S5). Fixed effects included tree species identity, com-
petition control, and year measured, with smooth terms for
distance from gap center and interactions between distance
and both species and competition control to assess species- or
treatment-specific spatial patterns. CoreTect� was excluded
from the final GAMs because it did not exhibit a signifi-
cant main effect or interaction with distance in preliminary
mixed-effects models and did not contribute to explaining
spatial growth patterns. As the GAMs were used specifically
to characterize nonlinear responses along the gap transect,
only predictors relevant to spatial variation were retained to
maintain model parsimony.

Forest-interior plots were excluded from distance-based
analyses and modeled separately; interior-plot models were
restricted to the final year of data collection (2023) to pro-
vide a consistent end-of-study comparison. Experimental-plot
mixed-effects models included all sampling years, but post
hoc comparisons among treatment combinations were re-
ported for the final year to avoid confounding treatment ef-
fects with time, as height was not standardized across years
or seedling age. These post hoc comparisons were conducted
using simplified linear models fit to 2023 data only, with
Tukey-adjusted pairwise comparisons based on estimated
marginal means and without inclusion of transect position
or random effects. Fixed-effect significance was evaluated us-
ing Type III ANOVA with α = 0.05.

Competition and vertical structure
Vegetation structure was summarized by treatment and lo-

cation (N, Center, S, Int), and percent cover was calculated
as the mean proportion of height intervals (out of nine) with
a recorded contact at each sampling point, averaged across
all points within each location × treatment × vegetation
type combination. Mean vegetation height and standard er-
ror were also calculated from vertical contact depths.

Hemlock woolly adelgid presence
Temporal trends in HWA presence were assessed by calcu-

lating the proportion of infested seedlings for each combina-
tion of species, CoreTect treatment, and sampling date. Pro-
portions were based on presence/absence data and defined
as the number of seedlings with visible ovisacs divided by
the total number sampled within each group. Although 1280
seedlings were planted initially, only surviving individuals
could be assessed at each time point, resulting in a total sam-
ple of just over 1100 seedlings across all years. Binomial stan-
dard errors were estimated using the formula:

SE =
√

p (1 − p)
n
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Table 1. Type III ANOVA summary tables for linear mixed-effects models evaluating seedling height (top) and basal diameter
(bottom) in response to distance from gap center (m), date, species, Coretect, and competition control.

Response Effect Sum Sq Mean Sq NumDF DenDF F value Pr(>F)

Seedling height Distance from gap center 5302.68 5302.68 1 1139.31 5.48 0.019

Date 2241 512.21 560 378.05 4 4386.56 579.04 <0.001

Species 26 804.35 26 804.35 1 1169.36 27.70 <0.001

Competition control 2629.25 2629.25 1 6.64 2.72 0.146

Coretect 1333.17 1333.17 1 1164.50 1.38 0.241

Date × species 121 492.11 30 373.03 4 4388.02 31.38 <0.001

Date × competition control 215 287.83 53 821.96 4 4377.85 55.61 <0.001

Species × competition control 4069.52 4069.52 1 1156.34 4.21 0.041

Date × Coretect 28 227.19 7056.80 4 4376.88 7.29 <0.001

Species × Coretect 8.87 8.87 1 1164.07 0.01 0.924

Competition control × Coretect 13.06 13.06 1 1153.68 0.01 0.908

Date × species × competition control 6725.80 1681.45 4 4378.10 1.74 0.139

Species × Coretect × competition
control

444.59 444.59 1 1153.59 0.46 0.498

Seedling basal
diameter

Distance from gap center 181.43 181.43 1 1142.03 5.92 0.015

Date 288 021.88 72 005.47 4 4380.69 2349.68 <0.001

Species 4996.37 4996.37 1 1157.84 163.04 <0.001

Competition control 314.87 314.87 1 5.99 10.27 0.019

Coretect 0.45 0.45 1 1157.23 0.01 0.903

Date × species 9000.60 2250.15 4 4380.96 73.43 <0.001

Date × competition control 29 123.13 7280.78 4 4380.68 237.59 <0.001

Species × competition control 113.42 113.42 1 1157.78 3.70 0.055

Date × Coretect 16.37 4.09 4 4379.69 0.13 0.970

Species × Coretect 75.53 75.53 1 1156.77 2.46 0.117

Competition control × Coretect 4.24 4.24 1 1156.69 0.14 0.710

Date × species × competition control 453.55 113.39 4 4380.92 3.70 0.005

Species × Coretect × competition
control

40.76 40.76 1 1156.60 1.33 0.249

Note: Random intercepts for plot and tree number were included to account for nested data structure. Bolded values indicate statistically significant effects (α = 0.05).

where p is the observed proportion of detections and n is the
number of seedlings sampled within each treatment group
and time point. Due to sparse and uneven presence data,
particularly in earlier years, and minimal variation in HWA
detection across competition treatments and locations, the
analysis focused on species and CoreTect, which exhibited the
most pronounced differences in infestation rates.

Results

Seedling establishment and growth
Seedling survival from March 2020 to December 2023 var-

ied by species, treatment, and seedling location. Eastern hem-
locks exhibited consistently high survival across all treat-
ment combinations, with several groups reaching 100% sur-
vival (Table S1). Carolina hemlocks demonstrated greater sen-
sitivity to seedling location in plots lacking competition con-
trol, with the lowest survival observed in the center of canopy
gaps (61.5%). Survival across all plot types improved with the
application of Coretect, competition control, or a combina-
tion of both. For both species, survival remained high in the
northern edge and forest interior, regardless of treatment.

Overall seedling survival for the study was 91.6%, with east-
ern hemlocks averaging 95.8% survival and Carolina hem-
locks averaging 87.3%.

Linear mixed-effects models indicated that location along
the transect, measured as the distance from the gap cen-
ter, included only as a main effect, was significant for both
seedling height (p = 0.019) and basal diameter (p = 0.015), re-
flecting an overall influence of seedling position on growth
across treatments (Table 1). Models also showed a significant
interaction between species and competition control treat-
ment for seedling height (p = 0.041). Final-year (2023) com-
parisons, conducted using simplified linear models, indicated
that in plots that received competition control, eastern hem-
lock seedlings were, on average, 12.9 cm taller (p = 0.004)
than Carolina hemlock seedlings (Fig 2A). A significant in-
teraction was found among sampling year, species, and com-
petition control for basal diameter (p = 0.005), where east-
ern hemlocks in competition control plots developed greater
basal diameter than Carolina hemlocks as early as 2022
(+2.3 mm, p = 0.016), with the difference persisting in 2023
(+2.0 mm, p = 0.039; Fig 3). No significant difference was ob-
served in 2021, indicating that treatment effects on diame-
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Fig. 2. Effects of species identity and competition control on seedling height (top row) and basal diameter (bottom row) in
experimental canopy gap plots (left column) and adjacent shaded interior plots (right column), based on final-year measure-
ments (2023). Boxplots display variation among individuals across treatments, with white diamonds indicating group means.
Letters denote significant differences among treatments based on estimated marginal means from simplified linear models fit
to 2023 data only (Tukey-adjusted α = 0.05). CoreTect treatment was excluded from the figure due to nonsignificant effects in
both environments. In shaded reference plots, species was the only factor with a significant effect on growth.
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Fig. 3. Mean basal diameter (mm) of eastern and Carolina hemlock seedlings across competition treatments (competition
control vs. no control), faceted by year. Boxplots show observed distributions, with white diamonds indicating means. Let-
ters denote significant differences (α = 0.05) among species × competition treatments within each year based on estimated
marginal means from a linear mixed-effects model.

ter growth emerged over time. Under no competition con-
trol, these species differences were smaller and not statis-
tically significant, indicating a stronger growth response in
eastern hemlock when competition was reduced. Regarding
the trees within the forest interior, the effect of species on
both seedling height and diameter was significant (Table 2),
with eastern hemlock outgrowing Carolina hemlock (Figs. 2B
and 2D); however, there were no significant effects of com-
petition under the full canopy, predominantly due to the sus-
tained low level of competition under the full canopy.

Seedling height exhibited strong nonlinear spatial patterns
across the planting transect, particularly in response to com-
petition control (Fig 4). When competing vegetation was con-
trolled, both species showed similar curvilinear responses
to distance from the gap center (Fig 4), characterized by a
broad U-shaped pattern with peak height near the gap cen-
ter and reduced growth toward both the northern and south-
ern edges. This pattern was indicated by a highly significant
smooth term (edf = 3.95, F = 365.7, p < 0.001). In contrast,
when competition was not controlled, height responses var-
ied by species (Fig 4). Carolina hemlocks showed the great-
est height response on the northern edge of the gap, mod-
erate near the center, and a lower height response on the
southern edge. Eastern hemlocks also peaked on the north-
ern edge but exhibited less height growth at the center and
only modest increases on the southern edge. Seedlings at the
transect ends had relatively lower predicted values compared
to those at the center. These species-specific spatial responses
were statistically significant (Carolina: edf = 1.93, F = 3.36,
p < 0.001; eastern: edf = 2.52, F = 1.29, p = 0.0002), suggesting
that height was influenced not only by treatment but also by
species-specific responses to seedling location across the gap
transect.

Unlike height, spatial patterns in basal diameter by dis-
tance from transect center did not vary by species (Fig
5). When competition was controlled, basal diameter fol-
lowed a strong, symmetric U-shaped curve across the gap
transect, with the lowest predicted values at the edges of
the transect and the highest near the center (edf = 3.95,
F = 365.68, p < 0.001). In contrast, seedlings without com-
petition control exhibited a weaker and slightly asymmetric
trend: diameter peaked modestly between −20 and 0 m (to-
ward the northern half of the transect) before gradually de-
clining across the southern portion (edf = 3.78, F = 38.19,
p < 0.001). These spatial patterns were not observed in
species-specific smooths, which remained flat across the
transect and were not statistically significant (Carolina:
edf = 0.0006, F = 0, p = 0.989; eastern: edf = 0.0004, F = 0,
p = 0.996). Both GAMs explained substantial variation in
growth (height: adj. R2 = 0.624, deviance explained = 67.8%;
basal diameter: adj. R2 = 0.678, deviance explained = 75.3%).

Competition and vertical structure
Five years after the establishment of the canopy gaps and

4 years following the planting of hemlock seedlings (August
2023), the vegetation structure varied by transect location
and competition control treatments. Results reported here
are primarily descriptive (statistical comparisons not per-
formed) due to restricted spatial replication and a singular
sampling time point. (Fig 6). Rubus spp. exhibited the great-
est overall height and percent cover, particularly in the cen-
ter of plots lacking competition control, where it averaged
over 0.8 m in height and contributed to more than 50% of
total contact hits with the Weins pole. This was higher com-
pared to the same location under competition control (6.5%).
Additionally, in the southern end of plots without compe-
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Table 2. Type III ANOVA summary tables for linear models evaluating seedling height and basal diameter
in reference (forest interior) plots at the final sampling date (1 December 2023).

Response Effect Sum Sq Df F value Pr(>F)

Forest interior seedling
height

Species 5200.83 1 6.16 0.015

Coretect 1178.13 1 1.40 0.240

Competition control 898.58 1 1.06 0.305

Species × Coretect 2381.40 1 2.82 0.096

Species × Competition control 1307.13 1 1.55 0.216

Competition control × Coretect 213.68 1 0.25 0.616

Species × Coretect × competition
control

2433.90 1 2.88 0.092

Forest interior seedling
basal diameter

Species 174.97 1 15.95 <0.001

Coretect 7.91 1 0.72 0.398

Competition control 15.73 1 1.43 0.234

Species × Coretect 36.97 1 3.37 0.069

Species × competition control 0.43 1 0.04 0.843

Competition control × Coretect 5.79 1 0.53 0.469

Species × Coretect × competition
control

22.77 1 2.08 0.153

Note: Models include main effects and three-way interactions among species, Coretect treatment, and competition control. These undisturbed
plots represent shaded forest interior conditions without gap creation, providing a baseline for treatment effects in the absence of increased
light or spatial variation associated with canopy gaps. Bolded values indicate statistically significant effects (α = 0.05).

Fig. 4. Partial smooth effect of distance from center on tree height, by species and presence of competition. Lines represent
competition treatment-specific smooth terms estimated from a generalized additive model, showing the partial effect of dis-
tance from the plot center on tree height. Shaded ribbons indicate ±2 standard errors. Effects are shown while holding the
survey date constant. Differences in smooth shape and magnitude reflect species-specific spatial responses to gap structure.
The x-axis represents the distance along the planting transect, with negative values indicating the northern side, 0 marking
the gap center, and positive values corresponding to the southern side, while dashed red lines denote the gap edges.

tition control, Rubus also reached an average height of 1.02
m; however, its percent cover was lower at 4.6%. Rubus was
entirely absent from interior locations where competition

control was applied. Other vegetation types, such as vines
and trees, were present in fewer plots, generally exhibited
low cover (<5%), and had variable heights. Vines were some-
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Fig. 5. Partial smooth effect of distance from center on tree basal diameter, by species and presence of competition. Lines
represent treatment-specific smooth terms from generalized additive models, with shaded ribbons indicating ±2 standard
errors. A horizontal dotted line at y = 0 denotes no effect; values above zero indicate a positive association with basal diameter,
and values below zero indicate a negative association. The x-axis represents the distance along the planting transect, with
negative values indicating the northern side, 0 marking the gap center, and positive values corresponding to the southern
side, while dashed red lines denote the gap edges.

times found at moderate heights (0.25–0.75 m), but their oc-
currence was sporadic and not linked to any specific loca-
tion or treatment. Nonhemlock trees appeared only under
no-competition control conditions in a few northern and cen-
tral areas, reaching up to 1.88 m in height, but with very low
cover.

Hemlock woolly adelgid presence
HWA detections were infrequent or absent during the

initial sampling years (2019–2021), regardless of species or
chemical treatment combinations (Fig 7). After manual in-
festation in 2022, the proportion of seedlings with HWA
present increased slightly by 2023 in seedlings that did
not receive chemical protection. Species-level differences in
infestation were only observed in 2023: among untreated
seedlings, Carolina hemlocks were more frequently infested
with HWA than eastern hemlocks, while among CoreTect-
treated seedlings, detections remained low but were slightly
more frequent among eastern hemlocks. Across all years,
CoreTect-treated seedlings consistently exhibited low infes-
tation rates, with HWA present in fewer than 3% of samples.
Due to the rarity of HWA detections throughout most of the
study period and their near absence in seedlings treated with
CoreTect, the effect-size estimates derived from formal mod-
els were significantly limited; consequently, we emphasize
proportional patterns to illustrate the relative influence of
species and chemical protection.

Discussion
This study provides the first direct comparison of eastern

and Carolina hemlock seedling performance under shared
field conditions, offering insight into how site characteris-
tics and management treatments influence early establish-
ment of both species. Hemlock seedling growth varied across
the gap transect and was strongly influenced by competition
control and distance from the center of the canopy gap. In
plots where competing vegetation was controlled, the high-
est rates of height and basal diameter growth were observed
near the gap center, indicating that resource release under
full sun conditions was most effective when seedlings were
not constrained by understory competition.

Without competition control, the highest height growth
occurred along the northern gap edge, near the canopy
dripline (∼15–20 m from the gap center). This edge effect
was not broadly observed across the entire northern end of
the transect but was instead tightly constrained to the area
near the edge of the canopy opening. In contrast, seedlings
in the forest interior exhibited the lowest growth, reflecting
limitations imposed by reduced light availability and lower
soil water and nitrogen resources associated with proxim-
ity to mature trees (Walters et al. 2006). The relatively en-
hanced seedling growth observed along the northern edge of
gaps aligns with studies of other tree species conducted un-
der canopy gaps in the Northern Hemisphere, which consis-
tently report higher solar radiation in northern portions com-
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Fig. 6. Seedling heights (m) of eastern hemlock across locations (N = northern end, Center = center of the gap, S = southern
end, Int = interior) shown as boxplots, with vegetation structure from Weins pole surveys overlaid as colored and shaped
points. Points represent hits for vines (squares), Rubus (triangles), and nonhemlock trees (diamonds) recorded along a vertical
pole. Panels compare plots with and without competition control treatments.

pared to southern edges, by as much as 25%–50%, depending
on gap shape and aspect, creating more favorable light envi-
ronments for seedling development (Clinton 2003; York et al.
2003; Ritter et al. 2005; Prévost and Raymond 2012). In the
southern Appalachian Mountains, other field studies on gap-
based silviculture found that high densities of oak and hick-
ory saplings were more common in the northwestern parts of
the gaps, particularly along the edges, while clusters of areas
with lower densities were most frequently located in the gap
centers and southeastern sections of the gaps (Schnake et al.
2025). The results reported here are consistent with other re-
search from the region showing that high densities of shade
midtolerant species tend to occur along the edges of gaps
(Lhotka and Stringer 2013; McNab and Oprean 2021). Con-
sistent with these patterns, Patterson et al. (2022) reported
that gap interiors often supported dense woody competition
capable of overtopping regenerating seedlings, whereas gap
edges provided more favorable light and competitive envi-
ronments for early establishment across multiple species. Al-
though eastern hemlock is highly shade-tolerant, it does not
require shaded conditions to grow successfully.

While direct light measurements were not collected, the
structural data from plots without competition control re-
vealed clear patterns: vertical vegetation density was lowest
in the forest interior, moderate along the northern and south-

ern gap edges, and highest in the center of canopy gaps. Ver-
tical vegetation structure was used to infer spatial variation
in light availability following gap creation. Shade-intolerant
Rubus spp. dominated the center of gaps and was most pro-
nounced where competition was not controlled, consistent
with greater and more sustained sunlight in these areas.
Seedling mortality was notably higher in areas where Rubus
density was greatest, particularly among Carolina hemlock.
Rubus has been associated with delayed tree recruitment fol-
lowing canopy disturbance, with long-lasting effects on forest
composition; in some cases, Rubus patches have persisted for
over a decade and significantly reduced seedling abundance
(Widen et al. 2018).

The trends observed in this study reflect broader trends
documented in other forest systems, where competi-
tion strongly influences seedling performance, particularly
among other shade-tolerant conifers. Studies on western
hemlock (Tsuga heterophylla (Raf.) Sarg.) have demonstrated
that while increased light availability through overstory re-
duction can enhance growth, the most substantial gains
occur when root competition is also addressed. Trenching
around western hemlock seedlings to reduce belowground
competition significantly increased growth rates, whereas in-
creasing light through gap creation had a more modest ef-
fect (Christy 1986). Growth responses in western hemlock
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Fig. 7. Proportion of sampled hemlock seedlings with visible hemlock woolly adelgid (HWA) ovisacs across five annual surveys
(2019–2023), grouped by species and CoreTect treatment. Points represent observed proportions of seedlings infested within
each group at each time point, with binomial standard errors shown as vertical error bars. The red dashed line indicates when
HWA pressure was artificially increased at the site.

seedlings were also shown to be additive across overstory and
vegetation control treatments, with stem volume increasing
two- to fourfold under vegetation control and four- to eight-
fold in clearcuts (Harrington 2006).

While light availability is generally greater along the north-
ern edges of canopy gaps, the tallest seedlings in the compe-
tition control plots were frequently observed near the cen-
ter, implying that additional factors, such as soil moisture,
may be influencing growth patterns. Species-specific soil pref-
erences may also shape seedling performance. Eastern hem-
lock is typically associated with cool, moist, well-drained soils
(Godman and Lancaster 1990), whereas Carolina hemlock ap-
pears more broadly tolerant of rocky, sandy clay loams, and
other coarse-textured soils (Jetton et al. 2008; Loftis 2025). Al-
though the study site did not represent the typical habitat
of either species, it featured deeper, more mesic soils than
those usually occupied by Carolina hemlock, potentially giv-
ing eastern hemlock a competitive growth advantage over
Carolina hemlock in this comparatively higher-quality site.
Elevated soil moisture often occurs in gap centers because
decreased canopy interception allows more precipitation to
reach the forest floor (Carlyle-Moses et al. 2011). Additionally,
root distribution and water uptake patterns belowground,
which are influenced by tree species interactions and soil

moisture variability, can diminish competition for water in
these regions. (Demir et al. 2024). Studies have demonstrated
that soil water content is strongly affected by gap presence
and size (Galhidy et al. 2006; Heithecker and Halpern 2006;
Ran Tong et al. 2024), with moisture levels often remaining
elevated in gaps for multiple years following canopy distur-
bance (Ritter et al. 2005). These effects are typically amplified
in larger gaps, where both solar radiation and soil moisture
increase significantly (Abd Latif and Blackburn 2010). While
water uptake by trees can reduce soil moisture under intact
canopies (Muller and Wagner 2003), recent evidence suggests
that overstory proximity does not always intensify tree water
use. Notably, at the same study site as the present research,
Arteman et al. (2025) found that soil moisture three to four
years post-harvest was often lower in the gap center than in
the surrounding forest, likely due to vigorous regrowth of un-
derstory vegetation offsetting moisture gains from overstory
removal. Although soil moisture was not directly measured
in this study, the removal of competing vegetation in com-
petition control plots likely allowed soil moisture to remain
elevated in gap centers, supporting greater seedling growth
where light and water were more available.

While eastern hemlocks generally achieved greater height
than Carolina hemlocks, GAM-smoothed trends showed that
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basal diameter did not differ significantly between species,
possibly suggesting differing growth strategies. Differences
in growth allocation between eastern and Carolina hem-
lock may reflect distinct life history strategies and physio-
logical adaptations to site conditions. Eastern hemlock may
prioritize vertical growth to capture light, particularly un-
der competitive or variable canopy conditions, while Car-
olina hemlock appears to invest more conservatively, con-
sistent with adaptations to resource-limited or stressful en-
vironments (Humphrey 1989). This divergence aligns with
Grime’s (1977) classification of Carolina hemlock as a stress-
tolerant species, which may facilitate greater allocation to be-
lowground biomass. Rooting behavior in eastern hemlock is
known to vary with site conditions; shallow root systems are
common where water tables are high, while better-drained
sites support deeper rooting (Godman and Lancaster 1990).
More broadly, species adapted to xeric habitats often ex-
hibit higher root-to-shoot ratios and deeper root systems than
those associated with mesic conditions (Kozlowski and Pal-
lardy 2002), suggesting that Carolina hemlock’s persistence
on dry, rocky outcrops may be supported by belowground in-
vestment. However, direct comparisons of root-to-shoot ra-
tios between these two species are lacking, highlighting a
critical gap in our understanding of their physiological strate-
gies and the need for future research under shared environ-
mental conditions.

In 2023, a slightly higher proportion of untreated Carolina
hemlocks were infested compared to eastern hemlocks, pos-
sibly reflecting species-level differences in resource alloca-
tion. Carolina hemlocks, especially those in the center of un-
treated gaps where competition from Rubus was intense, may
have prioritized growth and site adaptation at the expense of
defense. Early mortality trends suggest that site conditions,
rather than HWA pressure, were likely the primary driver of
Carolina hemlock mortality, which peaked early in the study
before HWA populations became established, consistent with
this species being planted outside its typical soil conditions
(Fig. S1). It remains too early to determine whether Core-
Tect meaningfully extends seedling survival over longer time
scales, particularly given that overall mortality remained low
across treatments and most seedlings had only recently been
exposed to sustained HWA pressure. It is possible that these
effects may not become pronounced until later, as hemlock
decline following HWA infestation can take several years
and varies widely among sites, with mortality occurring any-
where from a few years to more than a decade after initial
infestation (McAvoy et al. 2025).

The consistently low incidence of HWA presence on
CoreTect�-treated seedlings across all years suggests that a
single tablet can provide sustained protection against HWA
establishment in newly planted hemlocks under the infes-
tation pressures observed in this study. If CoreTect is to be
used in large-scale replanting efforts, its long-term effective-
ness and cost must be evaluated considering existing appli-
cation limits; the maximum allowed rate is 1.24 lbs of imida-
cloprid per hectare (approximately 1112 tablets per hectare)
(Cowles 2009). One possible way to operate within this limit
is through an integrated chemical control and biological con-
trol strategy implemented within a gap-based silviculture

management plan. Mayfield et al. (2020) offers a practical im-
plementation guide for integrating chemical and biological
controls, with the explicit goal of preserving hemlock health
through temporary insecticide protection while simultane-
ously fostering predator establishment on nearby untreated
hosts. As predator populations increase on untreated trees
and chemical protection diminishes, they are expected to
spread to formerly protected hemlocks, which bolstered by
prior chemical protection, should exhibit better health and
potentially greater longevity than hemlocks that were never
chemically treated. Silvicultural gap treatments that increase
light and reduce competition could further enhance hem-
lock vigor and new-shoot production (Mayfield et al. 2023),
expanding settling sites for HWA and thus prey resources for
predators.

Although the field longevity of tablet formulations like
CoreTect is reasonably well understood, additional work is
needed to quantify how light-driven metabolic changes fol-
lowing gap creation affect uptake and persistence in both
understory and overstory trees. Furthermore, it is necessary
to evaluate the impact of gap-induced shifts in microclimate
and soil conditions on the development of Laricobius beetles,
the primary biological control agent for HWA, which must
undergo pupation in the soil to complete development. To-
gether, this integrated approach may have the potential to
stretch limited chemical inputs, accelerate biocontrol estab-
lishment, and maintain hemlock function under sustained
HWA pressure.

The age structure and patterns of episodic recruitment in
Carolina hemlock resemble those seen in eastern hemlock
populations in southern Appalachian forests, where eastern
hemlock is typically found in mixed hardwood stands and
regenerates under closed canopies via gap-phase dynamics
driven by localized disturbances such as windthrow, point-
ing to shared recruitment dynamics across species (Runkle
1998; Frelich 2002; Kincaid and Parker 2008). Selective har-
vesting and natural gap disturbances alike have been shown
to support eastern hemlock regeneration by increasing light
availability (Brissette and Kenefic 2022), reinforcing the po-
tential of gap-based silviculture to enhance seedling per-
formance, particularly when treatments are applied early
enough to allow physiological acclimation (Mohammed and
Parker 1999). A gap-based silvicultural system, such as group
selection or irregular shelterwood, appears well-suited to sup-
port hemlock growth under HWA pressure. Creating canopy
openings early in seedling development may be critical for
long-term growth, as eastern hemlock shows limited abil-
ity to acclimate to high light after prolonged shade expo-
sure (Mohammed and Parker 1999). Early gap formation fa-
cilitates the development of sun-adapted foliage and root
systems, enhancing resource acquisition. These findings also
suggest that planting seedlings in pre-existing gaps, par-
ticularly along their northern edges, may improve estab-
lishment and long-term performance, offering a practical
strategy for hemlock restoration. Canopy gaps may enhance
key microsite conditions while also limiting the establish-
ment of shade-intolerant species. Physiological advantages
in resource-limited environments are often only marginally
related to carbon gain, and for stress-tolerant species, long-
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term recruitment likely depends not just on moderate, sus-
tained light levels but also on repeated interventions that
suppress competition and maintain favorable microsite con-
ditions (Arteman et al. 2025). Repeated gap formation may
be necessary to support height growth and eventual canopy
recruitment of eastern and Carolina hemlock, as well as
to maintain the light conditions that enhance resilience to
HWA (Lorimer 1980; Runkle and Yetter 1987; Mayfield et al.
2023).

This study demonstrates that successful hemlock restora-
tion in the southern Appalachians will depend on an inte-
grated approach that combines gap-based silviculture, com-
petition control, and targeted HWA management. Planting in
moderate-sized group gaps or shelterwood-with-reserve sys-
tems, generally on the order of or smaller than the ∼0.1 ha
gaps used in this study, can mimic natural disturbance while
enhancing growing conditions for hemlocks and improving
restoration success. However, the long-term effectiveness of
this approach will depend on how well it accommodates con-
tinued stressors, including herbivory, competition, and HWA
pressure, as well as how canopy structure evolves over time.
While this study focused on planted seedlings, broader inte-
grated pest management (IPM) frameworks should also con-
sider how natural regeneration responds to gap-based treat-
ments and whether seed sowing in favorable microsites could
supplement planting efforts. Overall, these results under-
score the importance of aligning silvicultural interventions
with species biology and pest dynamics to build more re-
silient hemlock systems in the face of HWA and other emerg-
ing stressors.
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