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Abstract

» Context Hemlock woolly adelgid (Adelges tsugae) is an
invasive insect that is defoliating and killing eastern hemlock
(Tsuga canadensis) in the USA.

» Aims We quantified changes in tree-ring growth rates and
wood anatomy for living trees infested with hemlock woolly
adelgid across six sites from Massachusetts (42°41'N) to
Georgia (34°53'N) to identify growth responses of eastern
hemlock that had survived infestation.

* Methods Annual ring widths from infested eastern hem-
locks were cross-dated and measured. Growth rates before
and after infestation were compared. Two infested trees from
Virginia were cut, and thin sections were prepared to identify
changes in cell properties.

* Results At three sites, trees experienced a significant de-
crease in radial growth after hemlock woolly adelgid arrival;
however, the other three sites showed no change or increase in
growth. Latewood produced after hemlock woolly adelgid
infestation had significantly smaller cells with reduced cell
wall thickness compared to latewood prior to infestation.

* Conclusion At half the sites where hemlock woolly adelgid
infested eastern hemlock trees were sampled, radial growth
increased or remained unchanged. This unexpected response
may be due to reduced competition due to mortality of other
eastern hemlocks or physiological compensatory responses of
increased photosynthetic rate and increased water use
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efficiency experienced by eastern hemlock infested with hem-
lock woolly adelgid.
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1 Introduction

Hemlock woolly adelgid (4delges tsugae Annand, HWA) is a
small, aphid-like insect originally from Japan that feeds on the
foliage of eastern hemlock (Tsuga canadensis (L.) Carriere)
and is causing substantial mortality to this important tree
species throughout eastern North America (Evans et al.,
2011; Orwig and Foster, 1998). Hemlock woolly adelgid
was first discovered on eastern hemlock in a city park near
Richmond, Virginia in the early 1950s, and because the insect
reproduces two times per year, it has spread at an average rate
of 12.5 km yr ' and now spans from the southernmost limit of
eastern hemlock to close to its northern limit (Evans and
Gregoire, 2007; Souto et al., 1996). The widespread death of
eastern hemlock caused by HWA represents the loss of a
foundation species from eastern forests and the loss of an
invaluable archive of paleoenvironmental tree-ring records
from one of the longest-lived tree species in eastern temperate
forests (Hessl and Pederson, 2013).

Given eastern hemlock’s late successional status and its
responsiveness to climate, most eastern hemlock tree-ring
studies have focused on reconstructing stand dynamics or
reconstructing climate-growth relationships (Abrams et al.,
2000; Hart et al., 2010); however, the introduction of HWA
provides an unusual opportunity to study the decline and
mortality of a foundation species through its tree-ring record.
Previous studies on other insect-defoliated trees have shown a
consistent pattern of reduced radial growth following infesta-
tion because the consumption of foliage results in a loss of
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stored carbohydrates and lower potential photosynthetic rates
(Vejpustkova and Holusa, 2006). These reductions in growth
within the host species are typically accompanied by growth
increases in non-host trees as mortality of the host species
increases availability of light, space, and nutrients (Alfaro
et al., 1991). Eastern hemlock is the primary host of HWA,
and mortality of eastern hemlock in infested stands ranges
from 5 to >95 % (Orwig and Foster, 1998). Therefore, the tree
rings from eastern hemlock that survive the infestation should
record both the impacts to growth during the infestation and
the shift in environmental conditions after the death of sur-
rounding eastern hemlocks.

Hemlock woolly adelgid feeds by attaching to the base of
eastern hemlock needles, where it inserts its stylet bundle into
the twig xylem and extracts stored sugars, hindering the tree’s
ability to grow (Young et al., 1995). Although HWA feeds on
eastern hemlock foliage from fall through late winter, it is
winter feeding by HWA on stored carbohydrates that is par-
ticularly harmful if cold winter temperatures prevent eastern
hemlock from photosynthesizing and replacing lost resources
(Hadley et al., 2008). Short-term extraction of stored carbo-
hydrates would be damaging to the tree, but unlikely to cause
death. However, it is hypothesized that HWA saliva contains a
toxin that causes a hypersensitive response to feeding, and
results in premature needle drop, discoloration and thinning of
foliage, and branch tip dieback and, typically, death within 4
to 15 years (Eschtruth et al., 2006; Radville et al., 2011).

Eastern hemlock that survives HWA infestation is left in a
forest stand that is very different from pre-HWA conditions.
Eastern hemlock is being replaced as a dominant species by
deciduous trees such as black birch (Betula lenta L.), red
maple (Acer rubrum L.), tulip poplar (Liriodendron tulipifera
L.), and several oak (Quercus) species (Ford et al., 2012;
Orwig et al., 2002). The water and nutrient balance is also
substantially different as small streams dry up during the
summer; soil surface temperatures increase, and precipitation
throughfall increases bringing higher nitrogen and organic
carbon to the forest floor (Knoepp et al., 2011; Stadler et al.,
2005). The death of eastern hemlock also provides a large
input of organic matter to the ecosystem, causing net nitrogen
mineralization, nitrification, and nitrogen turnover to signifi-
cantly increase, although soil carbon declines because of the
loss of fine roots (Jenkins et al., 1999; Nuckolls et al., 2009).
These changes in forest condition result in mirrored shifts in
terrestrial arthropods, bird, and wildlife populations as spe-
cialists adapted to eastern hemlock stands decline by up to
70 % of pre-HWA densities (Adkins and Rieske, 2013; Allen
et al., 2009).

This dynamic period of transition for eastern hemlock
forests caused by HWA infestation is an excellent opportunity
to witness how forests respond to drastic, sudden environmen-
tal change. The species that will provide the best record for
this transition will be the surviving eastern hemlock because
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they directly experienced the impacts of HWA. Therefore, our
research objectives were to (a) reconstruct from the tree-ring
record of eastern hemlock how tree growth has been altered by
the introduction of HWA and (b) examine the microscopic
influence of HWA on cell-level xylem production in eastern
hemlock. As a secondary objective, because of the close
relationship between HWA and temperature (Parker et al.,
1999), we also tested for a relationship between tree-ring
growth and crown dieback and temperature. It is anticipated
that the results of this study will eventually be used to better
predict how eastern hemlocks will adapt and change their
ecological role in the forest after HWA infestation.

2 Materials and methods
2.1 Study areas

To evaluate the impact of HWA on radial growth of surviving
eastern hemlock trees, we sampled trees from six study sites
on publically owned land that spanned the current range of
HWA infestation in the USA (Fig. 1, Table 1). Three of the
study sites (North Carolina, West Virginia, and Pennsylvania)
had been used in previous HWA studies (Davis et al., 2007;
Evans et al., 2011; Nuckolls et al., 2009), and we were able to
get the first year of HWA infestation from these studies; for the
other three sites, we relied upon local land management re-
cords for the date of first HWA infestation. All sites had an
overstory composed of mixed hardwood and eastern hemlock.
Based on hand texturing of the soil, the soil texture from the
six study sites included sandy clay loam at Georgia, Virginia,
and West Virginia; sandy loam from North Carolina; loam
from Pennsylvania; and loamy sand from Massachusetts.

Identification of the influence of HWA on cell-level xylem
production in eastern hemlock is a more labor-intensive pro-
cess in the laboratory, and therefore, we reduced our study
sites to sample only from the Virginia site. We selected this
site because we were permitted to destructively sample trees to
collect the wood anatomy samples.

2.2 Field and laboratory techniques

At each site, 23 dominant or codominant eastern hemlock
trees infested with HWA were cored approximately 0.5 m
above the ground using an increment borer. Trees were cate-
gorized as being infested if HWA was detected on any living
branches (Costa and Onken, 2006). Percent crown dieback of
each tree was determined using the US Forest Service visual
crown rating method (Montgomery et al., 2006). Two cores
were extracted from each tree on opposite sides of the trunk.
After air drying, increment cores were glued on wooden
mounts and sanded with progressively finer grit sandpaper
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I infested with HWA

B native Range of E. Hemlock
Q Study Site

Fig. 1 Study site locations (white circles), range of eastern hemlock
(gray), and 2011 range of hemlock woolly adelgid (dark gray). Adapted
from USDA Forest Service 2011 hemlock woolly adelgid infestation map

until a smooth surface was achieved and cells were clearly
visible under a microscope.

All cores were visually cross-dated, by site, using the list
method that involves matching narrow rings common to many
cores to identify missing and false rings (Yamaguchi, 1991).
False rings were a particular concern because previous work
with HWA-infested eastern hemlock had shown a 50 % in-
crease in false ring formation after HWA infestation (Gonda-
King et al., 2012). All visually cross-dated cores were then
measured using either a TA Unislide Measurement System
(Velmex, Inc., Bloomfield, NY) or a LINTAB 5 Measurement

System (RINNTECH, Heidelberg, Germany). Visual cross-
dating was statistically verified using the computer program
COFECHA (available through the Dendrochronology
Program Library). Cores where there was an error in visual
cross-dating were re-evaluated, and dating errors were
corrected.

For the analysis of microscopic changes in wood anatomy
resulting from HWA, two infested eastern hemlock trees from
the Virginia site were felled, and cross-sections were removed.
Each cross-section was cut into 10 small cubes with 5 cubes
containing wood produced prior to HWA arrival and 5 cubes
containing wood produced after HWA arrival. The wood
blocks were soaked in water for 24 h, and then, thin sections
40 pum thick were taken with a GSL sledge microtome (H.
Gartner, Birmensdorf, Switzerland). Thin sections were
stained using a 0.5 % Safranin O solution and mounted on
permanent microscope slides. A light microscope and digital
camera were used to capture images from the cross-sections,
and the Nikon Image Systems BR software (Nikon
Instruments, Tokyo) was used to measure radial tracheid
diameter and cell wall thickness of earlywood and latewood
cells from each thin section. Cell wall thickness was also
measured in the radial direction, and these measurements
yielded a total of 300 pre-HWA wood measurements (150
earlywood cells and 150 latewood cells) and 300 post-HWA
wood measurements (150 earlywood cells and 150 latewood
cells).

2.3 Data analysis

To identify HWA-related changes in mean radial growth,
paired ¢ tests were used to determine if growth rates changed
after HWA infestation. We averaged an equal number of
annual ring widths during pre- and post-HWA infestation;
thus, the number of years analyzed at each site depended on
the date of HWA arrival and varied across sites (Table 1).
Because the analysis computes the differences in the measure-
ment pairs, the distribution of differences was plotted to verify
the normality of the data set. The Georgia, North Carolina,
Virginia, Pennsylvania, and Massachusetts sites were

Table 1 Six study sites where eastern hemlocks were sampled for evaluating the influence of hemlock woolly adelgid (HWA) on radial growth

Site Latitude Longitude Elevation (m) Winter temp (C) Annual Precipation (mm) First HWA sighting  Crown dieback (%)
Georgia 34°53'N 84°39'W 600 52 1,332 2008 10
North Carolina  35°17'N 82°43'W 670 3.7 1,393 2005 22
Virginia 37°1I'N  80°29'W 570 0.8 1,095 1998 15
West Virginia ~ 38°37’N 79°47W 900 -1.8 1,265 1993 13
Pennsylvania 40°00'N  77°48'W 500 -14 1,010 1993 15
Massachusetts ~ 42°21'N 72°22'W 180 —4.0 1,100 1996 10

Climate data are from the National Climatic Data Center for the period of 1895-2011. Crown dieback was measured at the time of sampling using the US

Forest Service visual crown rating methods (Montgomery et al., 2006)
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normally distributed, but a log;, transformation was used to
normalize the West Virginia site.

Differences in pre- and post-HWA latewood cell wall
thickness, latewood radial tracheid diameter, earlywood cell
wall thickness, and earlywood radial tracheid diameter were
identified with two sample ¢ tests. To conform to the normality
assumptions of this test, distributions of cell property data
were plotted, and a square root transformation was necessary
to normalize the earlywood cell wall thickness data—all other
data sets were normally distributed. To conform to the equal
variance requirement of the ¢ tests, Levene’s test was used to
test each data set, and all data sets met this requirement
[latewood cell wall thickness (F=0.51, p=0.475), latewood
cell diameter (F=3.05, p=0.082), earlywood cell wall thick-
ness (F=0.34, p=0.557), and earlywood cell diameter (F=
1.14, p=0.231)].

To determine how percent crown dieback was related to
HWA-impacted radial growth, a Pearson correlation coeffi-
cient was calculated between tree percent crown dieback and
average annual ring width in the last three years. The period of
three years was selected because eastern hemlocks retain their
needles for several years, and therefore, the single year mea-
surement of crown dieback reflected a lagged crown condi-
tion. To determine whether mean winter temperature and
mean crown dieback can serve as valid predictors of change
in radial growth in response to HWA infestation, multiple
linear regression was used. Change in growth (growth before
HWA minus growth during HWA infestation) was used as the
dependent variable and mean winter temperature and mean
crown dieback were used as the independent variables.
Results of statistical tests were considered significant at oc=
0.05.

3 Results
3.1 HWA, climate, crown dieback, and growth interactions

During cross-dating, we did not find the frequency of false
rings identified by other researchers (Gonda-King et al.,
2012); however, missing rings and partial rings were very
common in the years after HWA infestation (Fig. 2). No
missing rings were present in any tree-ring series before
HWA infestation. After HWA infestation, North Carolina
had at least one missing ring in all of the sampled trees,
Pennsylvania had missing rings in 45 % of its trees, and
Virginia had missing rings in 43 % of its trees. Despite the
missing and partial rings, we were able to successfully cross-
date the eastern hemlock trees. The interseries correlation for
each site, a measure of the strength of the common signal,
ranged from 0.46 in Georgia to 0.57 in West Virginia
(Table 2). North Carolina, Virginia, and Pennsylvania (the
same sites that had high frequencies of missing rings) had
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site. White arrow at left indicates earlywood cells that are absent from the
right side of the image

significantly narrower mean ring width post-HWA arrival
compared to pre-HWA (Table 3). At a tree level, these de-
creases in radial growth either appear immediately after HWA
infestation or are slightly delayed (Fig. 3). Georgia and West
Virginia showed no statistical change in ring width as a result
of HWA infestation, and eastern hemlock in Massachusetts
had significantly wider ring width post-HWA arrival com-
pared to pre-HWA (Table 3). Georgia, West Virginia, and
Massachusetts also had the lowest rates of crown dieback
(Table 1).

Percent crown dieback was significantly, negatively
correlated with the last three years of radial growth (r=
—0.34, p<0.001). The relationship between the mean
change in radial growth pre- and post-HWA arrival
and mean winter temperature and mean percent dieback
had a coefficient of determination of *=0.83; however,
only percent crown dieback was a significant predictor
of change in growth (p=0.049), and winter temperature
was not a significant predictor (p=0.312).

3.2 HWA-caused changes in wood anatomy

The latewood cell wall thickness of tracheids produced after
HWA arrival was significantly narrower than tracheids pro-
duced pre-HWA (1=6.87, p <0.001, Table 4), and mean late-
wood radial cell diameter produced post-HWA arrival was
also significantly smaller compared to cells produced prior
to HWA arrival (#=3.33, p=0.001). There were no significant
differences in either the mean earlywood cell wall thickness or
the earlywood radial diameter of tracheids produced post-
HWA arrival compared to those produced before HWA ar-
rived (Table 4).
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Table 2 General characteristics of the six eastern hemlock tree-ring data sets

Site Number of trees Mean ring width (mm) Series intercorrelation Mean sensitivity Maximum tree age (years)
Georgia 21 2.97 0.46 0.20 65

North Carolina 20 1.93 0.51 0.25 101

Virginia 21 2.02 0.52 0.27 142

West Virginia 20 1.70 0.57 0.22 241

Pennsylvania 20 1.67 0.50 0.20 115

Massachusetts 21 2.11 0.54 0.22 124

4 Discussion

The only prior examination of radial growth response to HWA
found that all eastern hemlock had below average growth after
HWA arrival (Rentch et al., 2009). This earlier study was
located in the Delaware Water Gap National Recreation
Area, where HWA has been intensively studied since its
introduction in 1993; therefore, the researchers were able to
use detailed records of local infestation levels to find a con-
nection between HWA infestation level and rate of radial
growth decline. The opportunity to work in forests with de-
tailed records of environmental history is unique, and most
dendroecologists work in environments with little information
about the history of the site. Thus, they must depend upon the
tree-ring record to reconstruct the environmental history. This
is a particularly difficult objective when working in forest
stands that have experienced high mortality rates because the
environmental records contained in the trees that died are no
longer available to researchers (Johnson et al., 1994). In this
study, we selected study sites with no existing records of
HWA infestation beyond the date of arrival. Thus, we set a
hard task for ourselves, but not an uncommon one, and we
found some unexpected results. Although three sites (North
Carolina, Virginia, and Pennsylvania) had a decline in radial
growth after HWA arrival similar to the reduction at the
Delaware Water Gap National Recreation Area (Rentch
et al., 2009), the other three sites had very different patterns.

Massachusetts experienced a significant increase in radial
growth, while West Virginia and Georgia had no significant
change in growth after HWA arrival (Table 3). Rentch et al.
(2009) found decreases in growth in all eastern hemlock
regardless of level of infestation; therefore, the differences in
response found at our sites may not be simply differences in
level of infestation. Instead there may be something unique
about the Massachusetts, West Virginia, and Georgia sites that
allowed these trees to avoid growth suppression after HWA
infestation.

Studies that show growth increases or no changes in
growth rate in response to insect outbreaks are not common.
Speer et al. (2010) documented tree responses to periodical
cicadas (Magicicada spp.) that feed on xylem fluids and found
three tree species that experienced increases in growth after
cicada emergence attributed to nutrient pulses from
decomposing insect carcasses. Therefore, it is possible that
even if insects are detrimental to tree growth, if other envi-
ronment conditions are favorable to growth, the insect damage
may be “masked” by growth increases that are unrelated or
indirectly related to insect activity.

The Massachusetts and West Virginia sites have the coldest
winter temperatures of our six study sites (Table 1). These cold
temperatures may be providing ideal growing conditions for
eastern hemlocks relative to the other study sites. Cold winter
temperatures increase HWA mortality, which decreases harm-
ful winter feeding rates (Parker et al., 1999) and resulted in the

Table 3 Mean ring width before and after HWA arrival at each of the six study sites

Site Years of HWA Sample size Mean ring width before Mean ring width after t value p value
infestation (number of annual rings) HWA (mm) HWA (mm)
Georgia 4 320 2.83 (1.23) 2.71(1.32) —0.72 0413
North Carolina 5 360 220 (1.52) 1.23 (1.38) —7.24 <0.001*
Virginia 13 858 2.58 (1.50) 1.72 (1.28) -6.17 <0.001*
West Virginia 18 1,396 1.02 (0.51) 1.01 (0.52) -0.51 0.612
Pennsylvania 17 1,428 1.42 (0.80) 1.01 (0.70) —6.45 <0.001*
Massachusetts 15 1,230 1.65 (0.76) 1.87 (1.21) 2.08 0.044*

An asterisk marks the significant changes in ring width across the two time periods (x=0.05). The sample size relates the total number of rings included
in the 7 test—half of these rings were from before HWA arrival and half were from after HWA arrival. The values in parenthesis after the mean ring widths

are standard deviations
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Fig. 3 Tree-ring widths from individual trees demonstrating declining
growth immediately following HWA infestation (a and b) and slightly
delayed after HWA infestation (c)

lower levels of crown dieback measured during sampling
(Table 1). Cold winter temperatures also allow winter snow
to remain on site and melt during warm spring weather when
eastern hemlock radial growth benefits from high moisture
availability as the trees put on new growth (Abrams et al.,
2000; Hart et al., 2010). Therefore, a year with unusually cold

temperatures may result in reduced HWA infestations, stored
snow pack, and cooler summer temperatures, three factors that
act synergistically to mask the reductions in radial growth
caused by HWA feeding. Alternatively, the increased growth
rates identified at Massachusetts, West Virginia, and Georgia
may also reflect compensatory physiological responses expe-
rienced by eastern hemlock in response to HWA infestation.
Domec et al. (2013) found that eastern hemlock infested with
HWA experienced increased photosynthetic capacity and in-
creased water use efficiency or all physiological responses that
may have allowed infested eastern hemlock to experience
increased growth rates.

Another potential factor that may have masked the harm of
HWA in eastern hemlock growth at these three sites is the
mortality of other eastern hemlock trees. Eastern hemlock is a
highly competitive species and when it dominates the over-
story, it is able to limit the growth of saplings and ground flora
(Martin and Goebel, 2013). When such a highly competitive
species is removed from a dominant position through HWA,
residual trees experience a reduction in competition for light,
space, and nutrients. It has been documented that co-occurring
canopy trees of species other than eastern hemlock have
responded to HWA mortality with increased growth rates
(Ford et al., 2012). It may be that at the Massachusetts, West
Virginia, and Georgia sites, the surviving eastern hemlocks
were able to take advantage of these less competitive growing
conditions and continue previous growth rates or increase
growth rates over pre-HWA conditions.

The only study site where we were able to destructively
sample trees to examine changes in wood anatomy in response
to HWA infestation was the Virginia site, a site where radial
growth was significantly reduced after HWA infestation.
Hemlock woolly adelgid had no influence on earlywood cells,
but latewood cells produced after HWA infestation had sig-
nificantly narrower cell walls, and the mean cell diameter was
smaller (Table 4). This is similar to the results of Domec et al.
(2013) who found a reduction in cell size of HWA-infested
eastern hemlock growing in North Carolina. Their North
Carolina study site was located 50 km from our North
Carolina site, where we found reductions in radial growth
after HWA arrival (Table 3); thus, it is likely that the decrease
in radial growth identified at both the Virginia and North

Table 4 Comparison of xylem cell properties before and after HWA arrival («=0.05)

Cell properties Before HWA arrival After HWA arrival t value p value
Mean LW cell wall thickness (pm) 5.51 (1.00) 4.65 (1.12) 6.87 <0.001*
Mean LW radial cell diameter (pum) 15.90 (2.70) 14.82 (2.92) 3.33 0.001*
Mean EW cell wall thickness (pm) 2.24 (1.10) 2.34 (1.05) —-0.79 0.430
Mean EW radial cell diameter (pum) 50.36 (8.40) 51.17 (8.36) 1.48 0.141

Values in parenthesis are standard deviations
LW latewood, EW earlywood
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Carolina sites is a result of smaller xylem cell size. This same
reduction in cell size and cell wall thickness was found in
eastern larch (Larix laricina (Du Roi) K. Koch) that had been
defoliated by the larch sawfly (Pristiphora erichsonii Htg.)
and European larch (Larix decidua Mill.) that had been
defoliated by the European web-spinning larch sawfly
(Cephalcia lariciphila Wachtl) (Filion and Cournoyer, 1995;
Vejpustkova and Holusa, 2006). In years, when insect defoli-
ation depletes the tree’s resources to an extreme level, the tree
may form no annual ring or may only form xylem cells
incompletely around the circumference of the cambium.
This may explain the high frequency of missing and partial
rings we found at the three sites that experienced significant
decreases in radial growth after HWA infestation (Fig. 2). This
same association between insect defoliation and missing or
partial rings has also been identified in balsam fir (4bies
balsamea Mill.) that had been defoliated for several years by
spruce budworm (Choristoneura fumiferana Clemens)
(Krause and Morin, 1995).

Most previous studies examining the impact of insect dam-
age on radial growth of trees have found a decrease in growth
associated with insect outbreaks. Although we found this
expected pattern in half of our study sites, the other three
study sites showed an unexpected increase in growth follow-
ing HWA introduction or the trees experienced no change in
growth. We hypothesize that this lack of growth suppression
may be due to increased resources caused by the mortality of
neighboring eastern hemlock killed by HWA or the increased
photosynthetic capacity and increased water use efficiency
experienced by eastern hemlock infested with HWA. Cold
temperatures, which reduce HWA populations in winter and
increase eastern hemlock radial growth in summer, also re-
duce the signal of HWA feeding in the tree-ring record. Thus,
it appears that the changes in stand condition caused by HWA,
along with favorable temperature conditions, may mask the
reduction in radial growth in some locations. This finding
holds an interesting potential for future research of eastern
hemlocks, which have survived the HWA introduction to
eastern North America.
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