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Abstract
In order to increase hemlock survivability in stands
threatened by hemlock woolly adelgid (HWA), a new study is
developing silvicultural thinning guidelines to reduce stand
densities, reallocate resources, and increase hemlock vigor
across a range of stand types and structures before HWA
invasion. The 7 study areas are all geographically similar
in that they regularly experience winter temperatures that
can be lethal to hemlock woolly adelgid. The combined
effects of climate and silvicultural treatment may serve

to moderate adelgid populations and increase hemlock
survival. Four Pennsylvania stands received thinnings in
2006 to reduce relative stand density by 30-40%. Half of
each stand was not harvested and serve as controls. In New
England, four additional sites will be thinned in 2007-08.
Pre- and post-harvest sampling includes measurements of
stand density and structure, residual “crop” tree stems and
crowns; understory vegetation; soil moisture, temperature
and nutrients; foliar nutrients; and insect populations.
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Introduction

also alters forest climate, and soil and foliar nutrient cycles
(Van Cleve and Zasada 1979), the attractiveness of thinned
stands to HWA feeding must also be evaluated. Therefore,
research is needed to determine whether thinning mixed
hemlock-hardwood stands to increase the vigor of hemlock
trees ahead of the leading edge of HWA will also increase
hemlock survivability when HWA attacks a stand. The
project involves the collaborative efforts of many individuals
from federal and state agencies located in the mid-Atlantic
and New England states. Working across organizations and
ownerships will develop linkages necessary to translate the
research findings quickly and directly to natural resource
managers for application.

The hemlock woolly adelgid, (HWA, Adelges tsugae Annand) is a major threat to the health and sustainability of
Eastern North American hemlock species – eastern hemlock (Tsuga canadensis (L.) Carr.) and Carolina hemlock
(Tsuga caroliniana Engelm.) (Knauer et al. 2002). This
introduced insect is currently found in 17 states, covers
approximately 50% of eastern hemlock’s range (http://www.
na.fs.fed.us/fhp/hwa/maps/hwa_2006.pdf), and is causing
tree decline and wide-ranging mortality effects. Hemlock
mortality associated with HWA establishment can range
from almost none to 95% (Bair 2002, Mayer et al. 2002,
Orwig and Foster 1998). Mortality can occur quickly and
uniformly throughout a stand, especially in the presence
of other stressors, or can occur slowly and in patches for
more than a decade. The resulting effects on stand dynamics
may cause changes in species dominance, age and canopy
structures, (Orwig and Foster 1998, Stadler et al. 2006)
and hence management direction.

The study has two objectives. The first is to determine
whether thinning mixed hemlock-hardwood stands to
increase the vigor of hemlock trees prior to the arrival of
HWA will increase the survivability of hemlock when HWA
attacks a stand. Scientific and empirical evidence indicates
that while healthy hemlocks are not less susceptible to
attack, they do have a better chance of surviving longer
than stressed trees (e.g., crowded conditions). Increased
survivorship may improve hemlock’s chances for recovery
(Orwig and Foster 1998), especially if HWA populations
crash and/or effective biological controls are developed. To
monitor the effects of thinning, it is critical in this study
that the approximate time of arrival and subsequent spread
of HWA in these stands be carefully monitored. The results
from the study will provide management options to forest
landowners and land managers faced with pending HWA
invasion and potentially prevent pre-emptive harvesting
of hemlock, which can contribute to future regeneration
failures of this species (Brooks 2004).

HWA is rapidly spreading to new areas at a rate of 15.6
km/year south of Pennsylvania and 8.13 km/year (or less)
in the northern portion of hemlock’s range (Evans and
Gregoire 2007). Colder winter temperatures are believed
to slow spread rates (Evans and Gregoire 2007, Parker et
al. 1999). HWA attacks all sizes and ages of hemlock from
seedlings to mature canopy trees. Adelgid feeding depletes
hemlock’s stored nutrient reserves causing a reduction
in new shoot production in infested parts of the crown,
followed by needle drop, branch tip dieback, foliage thinning, lower branch dieback and mortality in 2 to15+ years
(McClure 2001, Mayer et. al 2002, Orwig 2002). Biological
and chemical methods to control the pest are costly and
impractical for large forest tracts.

A second objective is to monitor ecological changes
in forest structure as an HWA infestation progresses in
thinned and unthinned stands. Treatments are established
in a variety of stand structures located on a range of site
conditions in the northern portion of hemlock’s range.
A number of tree health variables (e.g. mortality, foliage
density, foliar nutrients, crown transparency, percent dieback, direct HWA counts, and amount of new crown and
stem growth) are used to measure the effects of thinning,
and subsequent HWA infestation, on hemlock growth and
survival (Colbert et al. 2002, Kimple and Schuster 2002,
Scudder et al. 2002). Because both thinning and insect
infestation can cause increases in soil N mineralization

The wide range in the rate and extent of eastern hemlock
decline and mortality suggest that tree and site variables
influence the response of hemlock to HWA infestation. A
new study is being implemented to determine if stand structure manipulations can be used ahead of the leading edge
of HWA invasion to increase individual host tree and stand
resistance. Specifically, silvicultural thinning treatments are
being used to remove low vigor trees, which would reallocate site resources to enhance the health of the remaining
hemlocks. However, nothing is known about whether such
treatments are effective in HWA control. Because thinning
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and nitrification rates, in some of the study areas, soil and
foliar sampling are also included.

sites (Mayer et al. 2002, Orwig 2002, Sivaramakrishnan and
Berlyn 2000, Ward et al. 2004). HWA impacts to stem and
branch growth typically progress upward from the lower
crown, and reduced growth and possible mortality occur
depending on infestation intensity and duration. Hemlocks
in dominant and codominant overstory crown class positions had lower mortality during moderate infestations than
overtopped and intermediate class trees (Orwig and Foster
1998). However, new evidence suggests that live-crown
ratio may have a stronger relationship with vulnerability
regardless of crown class (Rentch 2007).

Background
Use of Silviculture in Invasive Species Management
Loss of a tree species due to an introduced pest can
initiate ecological change and have potential economic
effects (Liebhold et al. 1995). The appropriate silvicultural
treatment for managing introduced forest pests requires an
understanding of the ecological interactions of both the pest
and the host species. Integration of silvicultural techniques
at a variety of spatial and temporal scales may be necessary
to prevent or mitigate the effects of a pest invasion. Because
introduced pests have no natural enemies in native forests,
traditional silvicultural approaches designed for managing native pests, such as sanitation or salvage operations
(Smith et al. 1997) may need to be modified (Waring and
O’Hara 2005).

HWA invasions typically follow three phases: arrival,
establishment and spread (National Research Council 2002).
Combined with local quarantines, preventive silvicultural
techniques can be used along the leading edge of a HWA
outbreak prior to arrival. Seasonal alterations in management activities (e.g. road closures, harvesting) near HWA
infested areas can also be preventive (Waring and O’Hara
2005). Curbing management activities during HWA crawler
emergence in both early spring and mid-summer may help
curtail spread.

Hemlock’s ecological role in eastern forests far outweighs
its economic importance. Hemlock’s wood characteristics
limit its commercial use to relatively low-grade products
(Howard et al. 2000) for which market substitutions are
easily made. Conversely, hemlocks occupy an extraordinarily important ecological niche in both pure stands and
growing in mixture with hardwoods. The species are very
tolerant of shade and typically are found in understory
positions as well as in sub-dominant overstory canopy
positions. Dense hemlock understories utilize growing
space that would be lost to less shade-tolerant species (Kelty
1989), provide winter cover and vertical structure for many
wildlife species (DeGraaf et. al 1992), and maintain aquatic
habitat integrity by shading streams (Evans 2002). Hemlocks grow slowly even when young and at high densities
can survive in supressed conditions for hundreds of years
(Godman and Lancaster 1990). Self-thinning is slow and
canopy disturbance is typically required for accelerated
growth to occur.

Reduction in stand density through thinning and removal
of the most vulnerable individuals of targeted host species
can be used alone or in combination with eradication tools,
to reduce potential infestation targets and minimize mortality. For example, the goal of thinnings used to lower the
density of gypsy moth-preferred host species is to select crop
trees with the most vigorous crowns because healthier trees
can survive years of defoliation (Gottschalk 1993). The best
results from this type of density manipulation occur when
the treatments are applied before arrival of the pest.
Specific chemical characteristics of the foliage may affect
a tree’s resistance to HWA or may act as a physiological
defense strategy (Clancy et. al 2004). Healthy hemlock forests typically have slow decomposition and N-cycling rates
because of their low foliar N content and cool microclimate.
Trees infested with HWA were found to have significantly
higher needle concentrations of N, Ca, K, Mn, Al, lignin
and cellulose compared to those not infested (Pontius et
al. 2002); although, total soil nutrient content did not
change in infested stands. HWA feeding and needle mortality effects nutrient cycling in the canopy, the chemical
composition of the litter, and hence nutrient availability in
biogeochemical cycles (Stadler et al. 2006). In HWA-infested

The extent to which the presence of other insects, site
conditions, and stand structure affect hemlock’s susceptibility to HWA or vice-versa is still unclear. Hemlocks growing
in areas with adequate, consistent moisture are generally
less vulnerable to attack and can survive an HWA infestation better than trees growing on droughty or waterlogged
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forests, nitrogen mineralization and nitrification rates are
higher than uninfested forests (Jenkins et al., 1999, Yorks
et al. 2000). Yet, there is a decline in nitrogen fluxes over
time as infestation increases and needle biomass decreases
(Stadler et al. 2006).

late winter/very early spring (McClure et al. 2001). The
eggs hatch in April and May and mobile brownish-red
nymphs (“crawlers”) crawl along the branches but can only
be dispersed between trees by wind, animals and humans.
Crawlers settle on twigs and insert their stylets into the
base of hemlock needles and obtain nutrients from xylem
ray tissue (Young et al. 1995). They remain at the same
feeding site for 4 nymphal stages and develop into adults in
early June. These spring generation adults lay eggs between
mid-June to July, but the number of eggs produced is only
20-75 per adult (McClure 1989). Eggs hatch in early July,
enter a summer dormancy period and begin feeding around
October. The prolonged winter feeding of this generation
allows it to tap into a tree’s stored food reserves in the
absence of any potential predators.

Thinning also effects biogeochemical cycles because of
increases in light, soil temperature, soil moisture, and litter
and root system decomposition, at least until canopy closure
(Van Cleve and Zasada 1976). Thinning hemlock stands
will probably cause temporary increases in soil nitrification
rates, which may or may not cause increases in foliar N and
other elements. Depending on individual site conditions
for a given stand, microbial soil populations can increase
enough to tie up nitrogen so that foliar amounts remain
unchanged (Van Cleve and Zasada 1976).

Several studies examined the spatial distribution and
dispersion patterns of HWA throughout the forest (McClure
1990, Gray et al. 1998, Kimple and Schuster 2002). Other
studies on egg, crawler and adult distributions (McClure
1990, 1991a, Evans 2004) suggest that HWA is evenly
distributed throughout the vertical layers of forest and tree
canopies. More recently, however, entire stem and branch
dissections reveal that in trees with high HWA populations
a larger percentage of nymphs are found in the lower crown
while in trees with low HWA populations a larger percentage
of nymphs are found in the upper crown (Evans and Gregoire
2007). These findings suggest that early detection of HWA
invasion would be more difficult because the population
would at first be more numerous in the inaccessible upper
crown. Costa (2005) developed a sampling plan for the
detection of HWA but it is based on sampling only lower
branches within reach. A modified version of his sampling
system, as well as visual observation with binoculars will
serve as the foundation for the detection surveys in this
study. Impact survey assessments similar to those used by
Colbert et al. (2002) will be used to measure the effects of
HWA on hemlock tree health variables.

After arrival, the next invasion phase occurs when the
pest begins the process of establishing a permanent population. Early in the establishment phase when pest populations
are typically low, biological and chemical eradication tools
can be successful for removal of all or most individuals,
especially if treatments are repeated. There are several
insecticides used for controlling HWA (McClure 1991b)
but these are only effective as individual tree applications,
restricting their use in treating entire stands.
Once an established population begins to rapidly increase, silvicultural efforts should focus on containment
of the pest. HWA has been spreading through the Eastern
United States for over 50 years (Cheah et al. 2004). Spread
rates were initially slow but have increased substantially
in the last decade (Ward et. al 2004). In the spread phase,
silvicultural efforts target reducing host damage/mortality
and slowing the spread.
Detection and assessment of HWA
Understanding HWA’s complex reproduction cycle is important for monitoring population spread and for planning
silvicultural activities. HWA produces abundant progeny
in two parthenogenetic (all-female) wingless generations
per year. The winter generation develops over 9-10 months
(early summer to mid-spring of the following year) and the
spring generation occurs from spring to early summer of
the same year. These generations overlap in middle to late
spring and life cycle timing is influenced by local climate.
The winter generation lays up to 300 eggs per female in

Management Guidelines for Hemlock-Hardwood Stands
Threatened by HWA
Current management guidelines target stands with an
identified HWA infestation and anticipated hemlock decline
and mortality within several years. Management options
include harvesting stands before notable decline, salvage
harvesting, felling trees without removal, protecting individual trees using biological controls or insecticides, and
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taking no action (Ward et. al 2004). Stands are prioritized
for type and intensity of management activities based on
economic, ecological, esthetic criteria and site characteristics. Regardless of management objective, stands are selected
for treatment with the goal of maintaining their health and
vigor until effective biological controls are developed.

tions to the branch size – foliage weight relationship and
the number and (or) size of branches within the crown
(Gillespie et al. 1994). Healthier hemlocks can tolerate
high densities of HWA better than can trees of low vigor
(McClure 1995, Sivaramakrishnan and Berlyn 2000) and
hence may survive or persist longer during an infestation.
However, because thinning affects foliar nutrient content,
measuring the changes in foliar nutrients in thinned and
unthinned stands prior to and during HWA infestation,
may indicate whether silvicultural manipulations make
hemlocks more or less attractive to HWA attack.

There are few thinning studies in hemlock-hardwood
stands that focus on reducing stand density to favor hemlock growth. Hemlock height and diameter growth after
crown release is related to how dense the preharvest stand
was and a tree’s canopy status (overstory vs. understory)
(Merrill and Hawley 1924, Marshall 1927). Trees growing
in dense stands showed 60% greater growth after thinning
(from above and below) than stands that were understocked.
Stands with higher hemlock stocking exclude more rapidly growing shade intolerant competitors and growth is
concentrated on the main stem instead of branches (Tubbs
1977). Hemlocks previously growing in suppressed canopy
positions tend to have better stem form and faster growth
after release than open-grown associates of similar size.
Age appears to be a minor factor in tree growth response;
older trees typically grow better than younger ones unless
a tree has been suppressed for so many decades (>60 years)
that it has lost too much crown area to increase growth
(Marshall 1927). Generally, hemlock can be thought of as
a species that shows a growth response to environmental
change based on its size (e.g. smaller trees grow faster than
larger trees) and not its age. Evidence from thinned hemlock stands indicates that hemlock can continue favorable
volume increases through at least age 200 (Ward and Smith
2000). Current management guidelines recommend that
thinning operations should remove at least 6 to 7 m 2 /ha of
basal area; however, if stands are very dense (> 46 m 2 /ha),
basal area removal should not exceed more than 1/3 of the
total in any given operation (Lancaster 1985).

In this study, the silvicultural approach to HWA management is modeled after the gypsy moth management
guidelines developed by Gottschalk (1993) from research
conducted since the early 1980s. Currently, all standard
silvicultural thinning guidelines for hemlock-hardwood
stands are based on data from stands in New England and
the Lake States (Lancaster 1985, Tubbs 1977), and none of
them addresses mitigating the impacts of HWA. Because
the study sites are located in areas either on the leading
edge of the invasion or up to 10 years away from invasion,
pre-arrival stand conditions can be measured, silvicultural
treatments applied, and ecosystem responses after arrival
and establishment can be monitored.

Methods
Site Selection
Study sites, on federal and nonfederal land, are being used
in the study. Selection criteria include stand size, soil/site
limitations to harvest, and stand structure (density, species
composition, hemlock component). Stands need to be at
least 24 ha and have a minimum of 7 m2/ha of hemlock
basal area distributed uniformly throughout the stand. As of
May 2007, four stands received treatments on the Allegheny
National Forest in northwestern Pennsylvania. An additional
Pennsylvania stand, managed by the Pennsylvania Game
Commission, is currently being marked for thinning. All
those areas were initially overstocked with total basal areas
averaging around 46 m2/ha. Three study areas in New
England will be thinned in summer/fall 2007. Two stands
are on Massachusetts state forest land and the other stand
is located at the U.S. Department of the Air Force, New
Boston Air Force Station in New Hampshire.

In this study, thinnings are designed to reduce stand densities in fully-stocked and overstocked hemlock-hardwood
stands and hemlock-hardwood-white pine (Pinus strobus
L.) stands. When a stand is at full-stocking it contains the
maximum sustainable amount of foliage given fixed site
resources. Fixed site resources are those resources that
cannot be manipulated silviculturally (Vose and Allen
1988). Thinnings reallocate fixed resources among fewer
stems increasing the amount of light, water and nutrients
per tree. Foliar quantity is affected because of modifica-
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Treatment
Prior to timber marking, six, 4-ha treatment blocks are
established in each stand. Three of the treatment blocks
are then randomly selected to be marked for a thinning to
reduce relative stand density 30-40 percent. Because stand
structures are typically spatially variable throughout the
treatment areas, a combination of low and crown thinning
(Smith et al. 1997) is sometimes used to remove hardwood
trees overtopping hemlocks with good stem form and live
crown ratios > 30%, and to reduce density in hemlock
clumps. Hemlocks with <30% live crowns are less likely to
respond to the treatment (Smith et al. 1997). Otherwise the
treatment is primarily a crown thinning to reduce density
among competing hemlocks. Both commercial and noncommercial harvests are sometimes necessary. The other three
treatment blocks in each area are not thinned and serve as
reference stands for sampling vegetation dynamics pre- and
post-HWA invasion.

Measurements collected on the subject trees include:
stem diameter, total height and height to base of live crown,
and crown width. Crown health variables (foliage density,
transparency, percent dieback) and branch tip assessments
of new growth, are measured according to criteria outlined
in Colbert et al (2002). On the Pennsylvania sites, soil and foliar sampling for nutrient elemental content were conducted
prior to harvest and continue annually for 5 years starting
the first growing season after harvest (Piatek 2006).

Discussion
Because the timing, extent, and duration of HWA invasion will differ for individual study areas, each 60 + acre
stand is considered an experimental unit, with 3 replicated
treatment blocks each of thinned and control. Valuable
information about the effects of thinning on hemlock
growth, vigor, and vulnerability to HWA will be gained
by monitoring the subject trees. The value of having pretreatment and pre-HWA vegetation sampling plots will also
serve to monitor changes in vegetation structure cause by
HWA-induced mortality. In addition, in stands with foliar
and soil elemental chemistry monitoring, data will be collected on the effects of thinning on biogeochemical cycles
in hemlock-hardwood mixtures. The relationship of foliar
nutrients and hemlock’s attractiveness and palatability to
HWA can be determined as well as the interaction of thinning and HWA infestation on elemental chemistry.

Trees are marked for thinning according to guidelines
developed specific to each stand’s characteristics based on
recent inventory data summaries. After marking, ten, 0.04
ha circular vegetation sample plots are located in each treatment block according to a systematic random procedure
wherein each block is roughly divided into ten, 0.4 ha sections and one sample plot randomly located within each
section. In the blocks designated for thinning, a residual
hemlock tree that was targeted for canopy release (e.g. has
3-4 surrounding stems marked for removal), serves as the
plot center. This center tree is referred to as the “subject”
tree. Similar selection criteria are used to identify 10 hemlocks to serve as subject trees in the untreated blocks. In
addition to the subject trees, each spring 120 randomly
selected hemlock “HWA monitoring” trees at each site (20
trees/block) will be examined for presence of HWA according to a procedure described by Costa (2005) as modified
by Turcotte (described in Fajvan et al. 2005).

This new study faces many challenges in its implementation and subsequent monitoring. Study areas are geographically distant requiring the coordination of different field
personnel to sample vegetation and monitor HWA at each
location. HWA is difficult to detect during early stand invasion because initial infestations are typically in upper crown
locations, so sites need to be carefully monitored.
At the northern range of HWA spread, cold winters are
believed to cause slower spread rates and help explain the
longer survival of infested hemlocks (Paradis et al. 2007).
The study areas are all located in this northern spread
range and it is hoped that the combination of silvicultural
thinning to improve hemlock vigor, combined with colder
temperatures, will increase survival rates. Entomologists
believe that a complex of introduced predatory insects and
diseases will be needed to maintain HWA below lethal levels
(Ward 2004). Forest managers in the hemlock region need

Vegetation Sampling
Plot-level vegetation measurements of overstory and
understory are conducted prior to thinning and repeated
the first growing season after thinning (Fajvan et al. 2005).
Plots are revisited at 1, 3, 5, 7 and 9 years post harvest to
re-measure the vegetation. Future sampling will be determined by timing of HWA invasion.
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