Vegetation Response Following Hemlock Woolly Adelgid I nfestation, Hemlock Decline,
and Hemlock Salvage L ogging

David A. Orwig and Maithew L. Kizlinski

Harvard Forest, Harvard University
P.O. Box 68, Petersham, MA 01366

Abstract

Ten heavily logged hemlock (Tsuga canadensis (L.) Carr.) standsin Connecticut and
Massachusetts were examined to compare the vegetation response following intense harvesting with
chronic hemlock woolly addgid (HWA) (Adelges tsugae Annand) infestations. All sandswere
dominated by hemlock, with 66 to 99% of totad stand basa area. Salvage or pre-emptive cutting
removed more than 50% of overstory stems and more than 65% of the basal areain each stand.
Logging generated soil scarification, large accumulations of dash, and more rapid and pronounced
microenvironment and vegetation changes than HWA damage. Percent open sky was 25 to 35% in
newly cut forests, around 10% in HWA infested forest, and lessthan 5 % in older cuts and heslthy
gands. A high percentage of residual hemlock and hardwood stems died within severd years of
logging, presumably due to environmenta conditions. Black birch (Betula lenta L.) seedling
dengities and percent cover of brambles (Rubus L. spp.), sedges (Carex L. spp.) and hay-scented
fern (Dennstaedtia punctilobula (Michx.) Moore) were significantly higher in cut tands versus
HWA damaged and hedthy stands. High black birch sapling densties (7,000 ha-*) were common
in the oldest cuts but not in adjacent, HWA-damaged portions of these stands. Residua hardwood
trees had little influence on the species compogition of emerging vegetation in logged Sites. Conifer
gpecies were virtualy absent in the regeneration following logging and HWA infestation, suggesting
that slvicultura intervention will be necessary if evergreen species are desired. Results suggest that
both the decline associated with HWA feeding and the indirect effects of logging are generating
profound changes in structure and composition in these forests.
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I ntroduction

The introduction of exotic pathogens and pests to forest ecosystems represents a powerful agent of
ecologicd change that may sdectively remove dominant tree species, dramatically ater ecosystem
Sructure and function, and incresse ecosystem susceptibility to further disturbances, including
invasion by exotic plants and animals (Castdllo et a. 1995; Vitousek et d. 1996; Enserink 1999;
Mack et d. 2000). Due to the increasing globa movement of organisms and materids, pest and
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pathogen outbreaks during the last century in the northeastern United States have led to declinesin
such dominant species as chestnut (Castanea dentata (Marshdl) Borkh.) American m (Ulmus
americana L.), and beech (Fagus grandifolia L.) (Castello et a. 1995; Liebhold et a. 1995).
Importantly, pest and pathogen outbreaks often lead to shifts in harvesting strategies of host trees,
including increases in both the amount and rate of pre-salvage and salvage logging (Frothingham
1924; Irland et d. 1988; Radeloff et a. 2000).

The recent unimpeded infestation of the hemlock woolly addgid (HWA) (Adel ges tsugae Annand)
across the northeastern United States (Souto and Shields 2000) provides an unusual opportunity
and critical imperative to examine the ecologica consequences of the remova of aregiondly
dominant tree pecies, eastern hemlock (Tsuga canadensis (L.) Carr.), on forest composition,
sructure, and function. Information from timber harvesters, state agencies, and studies of landscape
paiterns of hemlock decline in southern New England (Orwig et d. 2002) indicate that HWA is
triggering a greet increase in sdvage and pre-emptive logging of hemlock. Although hemlock was
intensvely harvested and utilized in the 19th century for the tanning industry in the eastern United
States (McMartin 1992; Whitney 1994), very little is known about the stand and ecosystem-level
dynamics associated with thisremova. Hemlock lumber contains severa undesirable wood
characterigtics that have resulted in higtoricaly low demand, utilization, and stumpage prices
(Gardner and Dieba 1995; Baumgrass et d. 2000; Howard et a. 2000). Therefore, the recent
broad-scale increase in logging associated with HWA is occurring with little ecological assessment
and in the absence of scientific background for conservationigts, land managers, or policy makers.

In response to the imminent threats posed by HWA, a strategic management plan is being
developed by the USDA Forest Service in cooperation with the Nationa Association of State
Foresters and the National Plant board (USDA 2001). The plan is designed to develop
management strategies to help reduce the impact and dow the spread of this exotic pest. One of
the drategies, dlviculturd management, isinitsinfancy but will be criticaly important as HWA
continues to spread and cause widespread decline and mortdity. For example, severd Connecticut
date parks have been recently closed due to faling hemlock trees and limbs associated with years
of chronic infestation (Rotting hemlocks prompt State to close part of Guilford Forest. The
Hartford Courant, November 23, 2001). This has caused management dilemmas and widespread
concern of whether to cut down exigting trees or let them gradudly die and fal on their own
(Donnelly 1994; Cox and Mauri 2000). Beyond anecdota observations, little data exists to help
eva uate the consegquences of hemlock logging on the residua stand or future stand dynamics.
There have been very few studies that have examined the impacts associated with hemlock logging
athough efforts are underway to examine the wildlife response to such cutting (Brooks 2001).

As part of alarger gudy examining vegetation and ecosystem response following hemlock logging
(Kizlinski 2002), we present vegetation data collected from 10 logged hemlock standsin
Connecticut and Massachusetts and compare it with unlogged portions of those stands to address
the following objectives.  to examine vegetation dynamics associated with intense logging of eastern
hemlock, and to compare the magnitude and trgectory of this regponse with that accompanying
HWA infesations.
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M ethods

Study Area. Ten Stes representing five different ages (1, 2, 3, 7, and 13 years since harvest) were
studied within an 8,000 kn? area extending from southern Connecticut to centra Massachusetts and
from the Connecticut River lowlandswest to the Berkshire Plateau at e evations of 30 to 350 m above
sea leve. The climate is characterized by cold winters, warm summers, and evenly distributed
precipitation of gpproximately 120 cm yr-* (Reynolds 1979; Seanu 1995). All Sites contained smilar
loam and fine sandy loam soils formed from shdlow glacid till on schist, gneiss, and granite bedrock
with moderate dopes (Reynolds 1979; Seanu 1995). Regiona vegetation ranges from the Centra
Hardwoods-Hemlock typein the south to the Transition Hardwoods-White Pine-Hemlock zoneinthe
north (Westveld et a. 1956). Stand composition was dominated by hemlock (> 65% total basal area
and > 53% total stem dengty) (Table 1) with lesser amounts of birch (Betula lenta L.), maple (Acer
L. spp.) and oak (QuercusL. spp.). HWA was present in al of the stands studied, but high levels of
infestation and hemlock mortality were only observed in the 6 southernmost sites (Table 1). Each site
contained at least 1 haof intensaly logged hemlock (i.e., more than 65% basa arearemoved), and an
adjacent unlogged portion of hemlock forest.

Table 1. Stand Characteristics of the 10 Hemlock harvestsand Their Adjacent Uncut
Hemlock Standsin Southern New England (BA = Basal Area)

Harvest Area Uncut Stand
Age of %BA
Havest %BA %Totd %BA HWA Dead
Site Name (State) (Years) Hemlock* BACut Hemlock Damage? Hemlock

Bdsan AcresTreeFarm (MA) 1 90 88 77 low <1
Penwood State Park (CT) 1 89 87 81 high 18
Cockaponset State Forest (CT) 2 80 65 71 high 36
Stillman Rd. (CT) 2 66 87 66 low 5
MDC Property (CT) 3 68 89 81 low <1
Walingford Land Trust (CT) 3 77 75 100 high 8
Gulf Quarry Rd. (CT) 7 82 67 76 high 53
Naugatuck State Forest (CT) 7 99 72 74 high 22
Camp Hazen YMCA (CT) 13 83 69 79 high 79
Mt. Toby (MA) 13 74 100 96 low 3

! Basd area of harvested area reconstructed from stump diameters (see text).
2 Low = HWA present, but no significant crown loss (0 to 5%); high = HWA present at high
dengties with significant crown loss of live hemlock (35 to 80%).

Vegetation Sampling. Transects were established in the most heavily cut areaand in the nearest
unlogged portion of each stand. Vegetation was sampled in five to 10 circular plots (78.5 n¥)
located every 20 m dong these transects. Woody stems 1.5 cm diameter at breast height (dbh)
were recorded by species, dbh, and crown position. Pre-harvest basal area was reconstructed
dlometrically using a regression equation relaing ssump diameter to dbh (y = 0.884x + 0.0003;
r?=0.995) from asample of 215 stems. Species, dbh, and probable mechanism of injury were

108



noted for dead trees in harvest plots. Sapling (1.5 to 9.9 cm dbh) heights for each species were
estimated in each plot. Herb and shrub cover was estimated in three (1 x 1 m) subplots located in
random directions 3 m from each plot center. Seedling (< 1.5 cm dbh) densities dso were tdlied in
each subplot.

Data Analysis. Ground level hemispherical photographs taken at each plot center were anayzed
using Gap Light Analyzer 2.0 (Frazer et d. 1999) to quantify the light environment incident at the
s0il surface. Vegetation data was andyzed with aone-way ANOVA with HWA-damage or logging
class asthe main effects. Data were rank-transformed prior to anayses.

Results

Overstory. Overstory mortdity levels varied from 3% in hedthy standsto 79% in HWA-damaged
gtands and the crown vigor in HWA-damaged stands cong stently averaged 68% canopy loss (Table
1). Canopy opennessin HWA damaged stands was 2.5 times higher than in hedthy stands (data
not shown). More than two-thirds of the total basd area (Table 1) and between 45 to 100% of the
total stem dengity (data not shown) was removed from cut sands. Composition of residud trees
included hemlock (69% of al uncut trees), birch, and afew large oaks. Eighty percent of uncut
hemlock and 14% of uncut hardwoods died and many experienced wind damage resulting in
snapped boles and tip-up mounds. Light levelsin recently logged sites were as high as 38% open
sky and decreased with harvest age to 4.5% in the oldest cuts (data not shown).

Seedlings. Hedthy standshad significantly lower total seedling densities (1.6 vs. 3.8 m-?) than
HWA-damaged stands (Table 2). Maple (61%) and hemlock (30%) together composed 91% of
seedlingsin healthy stands, while maple (50%) and birch (19%) accounted for 69% of the seedlings
in HWA -damaged stands. V egetation that established after logging was more abundant than the
understory devel oping in stands suffering HWA damage, as cuts averaged 6.4 seedlingsm-2vs. 3.8
nr2in HWA-damaged sites. Most seedlingsoriginated immediately after harvest and exceeded 10
mr2 within severa years (datanot shown). Seedling compositioninlogged Steswassmilar to
HWA-infested standswith birch (53%) and maple (21%) accounting for 74% of al seedlings.
Species such as oak, sassafras (Sassafras albidum (Nutt.) Nees.), and tulip poplar (Liriodendron
tulipiferaL.) wereabsent in healthy stands and occurred at higher densitiesin HWA-damaged and
cut stands (Table 2). Hemlock seedling densitieswerelow in cut stands and rarein damaged stands
(lessthan 1% of all seedlings sampled). Birchwasdominant at all cut agesand therdative
proportion of maple seedlingsdeclined with increasing harvest age.

Saplings. Sapling dengty was sgnificantly higher in HWA-damaged stands (522 ha't) than in hedthy
stands (134 ha?), and hemlock comprised 88 and 95% of the total, respectively (Table 2). The
remander of the saplings conssted mostly of beech and birch. Thelarge number of hemlock saplings
in damaged stands resulted from afew dense plots. Hemlock saplingsin damaged stands had poorer
vigor and twice the mortdity levd of those in hedthy stands (data not shown). Based on Sze, most
hemlock saplingswere estimated to have established prior to HWA infestation as advanced regenerdtion,
while hardwood saplingslikely originated post-infestation. Sgplingswerean order of magnitude higher
inlogged (~ 7600 ha ') versus damaged stands and were dominated by birch (95%) and afew pin
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Table2. Seedling and Sapling Densitiesin Healthy, Hemlock Woolly Adelgid (HWA)-
Damaged, and L ogged Hemlock Standsin Southern New England.

Seadlings (Number m” + SE)

Hedthy HWA Damaged Logged

(n=4) (n=6) (n=10)
American Beech 0.1+00a 0.0+00b 0.1+01ab
Birch 00+00a 07+02a 34+05b
Hemlo4ck 05+03a 0.0+00b 0.1+0.1b
qukl_)e 10+04a 19+04b 14+0.2b
Oak 00+00a 04+0.1b 0.2+00b
Pin Cherry 0.1+00a 00+00a 0.3+0.0b
Quaking Aspen 00+00a 0.0+00a 0.1+00b
Sassafras 0.0+00a 03+0.1b 02+0.1b
Tulip Poplar 00+00a 03+0.1la 04+0.1b
White Ash 00+00a 01+0.1b 0.1+00a
Tota 16+0.6a 38+05b 6.4+0.6¢C

Saplings (number ha” + SE)

Hedthy HWA Damege Logged

(n=4) (n=6) (n=4)
Birch 6+6a 25+15a 6997 + 638 b
Cherry, Fire 0+0a 0+0a 220+57b
Hemlock 127+ 29a 459 +102 b 5+5¢c
MaoLeA 0+0a 25+15a 167 + 111 b
Oak 0+0a 8+6a 103+40b
Tota 134+ 34a 522 +109 b 7614 + 638 C

1Sapling vaues from only 7- and 13- year-old cuts with only the most common species are listed.
2Sgnificant differences between stes are indicated by different letters (p < 0.05).

3 Black, gray, ydlow.

4 Red and sugar.

5 Black, chestnut, red.

cherry (Prunus pennsylvanica L.f.), maples, and oaks. Sapling heights after harvest were4to 5 m
within 7 years and exceeded 7 m within 13 years. Unlike HWA-infested stands, hemlock saplings
wererarein cut Stes.

Shrub and Herb Cover. Shrub cover was virtudly absent in hedthy stands (0.05%), and low
(0.82%) but significantly higher in HWA-damaged stands. Severd species such as blackberry
(Rubus allegheniensis T.C. Porter), red raspberry (R. idaeusL.), and black raspberry

(R. occidentalis L.), exhibited significantly higher cover in cut versus HWA-damaged stands
(Figure 1). Tota shrub cover pesked at 28% in the 3-year-old cuts and was less than 10% in older
cuts, apparently due to reduced light levels associated with dense birch cover. Average herbaceous
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cover in HWA-damaged stands was nearly twice that of hedlthy stands (3.4 versus 1.8%) and
conssted primarily of sedge (Carex L. spp.), Canada mayflower (Maianthemum canadense
Wiggers), sarsaparilla (Aralia L. spp.), and pokeweed (Phytolacca americana L.). Following
cutting, average herb cover was significantly higher than in HWA-damaged stands, ranging from 9.0
to 21.1% and congisting of light demanding species such as sedge, hay-scented fern (Dennstaedtia

Shrubs
B Healthy b
1 HWA Damaged
EE [ ogged

Percent Cover

b
b
2_
a b
i i i
a @ a aa a @ aa
0 == a = =

Black Blackberry ~ Mountain Red Swamp
raspberry Laurel raspberry dewberry
7 -
B Healthy Herbs b
61 1 HWA Damaged
B [ ogged

Percent Cover

a a
Canada  Fireweed Hay-scented Pokeweed Sedge Wwild
mayflower fern sarsaprilla

Figure 1. Percent shrub and herb cover in hedthy (n=4), HWA-damaged (n=6), and logged
(n=10) hemlock standsin southern New England. Vaues are based on square meter subplots.
Significant cover differences between Stes are indicated by different letters (p < 0.05).
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punctilobula ((Michx.) Moore), and fireweed (Erechtites hieracifolia Raf.). Herb cover wasless
abundant in older cuts with taller vegetation and reduced light levels. The only herbs common to all
harvested sites were sedges that occurred in 70% of cut plots with the highest average cover.

Discussion

There have been many sudies examining vegetation dynamics following either logging (Hix and
Barnes 1984; Mou et a. 1993; Wang and Nyland 1993; Smith and Ashton 1993) or pest and
pathogen outbreaks (Korstian and Stickel 1927; Huenneke 1983; Twery and Petterson 1984;
Witter and Ragenvich 1986). However, despite the tremendous impact that HWA has had on
eastern hemlock forests, few studies have investigated vegetation patterns following HWA infestation
(Orwig and Fogter 1998; Orwig this volume) and none have compared the vegetation dynamics
associated with species remova by both HWA and associated logging. This study successfully
compared the dynamics resulting from the direct impacts of HWA infestation with the indirect effects
of pre-emptive and salvage logging.

Given the recent increase in hemlock harvesting within and outsde the zone of HWA infestation, the
ecologica consequences of this activity should be of mgor interest to wildlife managers,
consarvationigs, and forest policymakers. While both logging and chronic HWA infestation resulted
in the near complete mortality of hemlock, logging dtered forest Sructure and subsequent
environmenta conditions more abruptly and severely by rapidly removing hemlock across a sharply
defined area. In contrast, hemlock decline from HWA occurs more gradualy over 4 to 10 years or
more (McClure 1991; Orwig this volume), resulting in alarger number of snags. In addition, logging
introduced additiond variables such as scarification, soil compaction, and a more clumped
distribution of dash that does not accompany chronic HWA infestation, and that may be important in
post-harvest vegetation and ecosystem recovery.

HWA and Vegetation. Dueto low dengties of HWA, hedthy stands examined in this study
showed little evidence of decline and had vegetation and understory characteristics typica of hedlthy
hemlock forests such as very low light infiltration; cool and moigt soils with thick, acidic forest floors;
scattered hemlock seedlings, and few herbs or shrub species (Rogers 1980). In contrast, HWA-
damaged hemlock stands had higher seedling densities and percent cover of shrub and herb species
due to high hemlock mortality and resulting increased light levels. Understory vegetation was smilar
in composition to other HWA-damaged sites and consisted mostly of birch and red maple seedlings
(Orwig and Foster 1998, Jenkins et d. 1999; Orwig thisvolume). The rate and pattern of this
vegetation response was temporally variable, poorly correlated with the duration of infestation, and
affected by the size and extent of canopy opening and composition of the surrounding forest.
Despite this variability, it is quite clear that black birch and red maple have responded most
favorably to the HWA-induced hemlock decline.

Logging and Vegetation. Pos-harvest vegetation composition was smilar to HWA-damaged stands,
but contained significantly higher dengties of seedlings and saplings and percent cover of shrub and
herb species. Rapid birch seedling establishment followed logging a most sites, regardless of resdud
tree composition, and resulted in tall, dense sgpling thickets within 7 years of harvest. Based on its
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potentia longevity and current overstory abundance in Connecticut (Ward and Stephens 1996; Orwig
et d. 2002), we predict that birch will continue to dominate these Stes for decades.

Hemlock seedlings were sparse in cut and damaged stands and are unlikely to regain dominance
following logging, even in areas lacking HWA. Hemlock regeneration is affected by a myriad of
problems (Mladenoff and Stearns 1993) and is greatly reduced by limited seed production from any
remaining trees, low seed viability (Frothingham 1915), retarded germination of remaining seedsin
highlight environments (Duchesne et d. 1999), and, where present, the continued infestation of
HWA.. In addition, most residud hemlocks died following logging, either from wind exposure,
continued HWA attack, or unknown causes. Consequently, even outside the distribution of HWA,
hardwood dominance after logging will lead to along-term decrease in hemlock (Hibbs 1983; Kelty
1986; Smith and Ashton 1993).

Sharp increasesin blackberry, black raspberry, hay-scented fern and sedge occurred immediately
after logging, followed by gradua declines with time as they became shaded. Increasesin these
gpecies are commonly observed following logging (Smith and Ashton 1993; Archambaullt et d.
1998; Iseman et a. 1999), but, with the exception of hay-scented fern, are not common following
hemlock decline from HWA (Orwig and Foster 1998; Orwig this volume).

The vegetation response observed in southern New England may differ as HWA infestation and
savage logging continue to spread northward into regions with different species assemblages and
environmenta conditions. American beech, sugar maple (Acer saccharum Marshdl), and ydlow
birch (B. alleghaniensis Britton) become the dominant hardwoods, and white pine (Pinus strobus
L.) commonly grows with hemlock in amore diverse conifer component (Westveld et d. 1956).
How these pecies will respond to the remova of hemlock is il largely unknown. While this study
focused on the near complete remova of hemlock, less intensive hemlock logging aso is occurring
across the New England landscape (Orwig et d. 2002) and will likely lead to a more diverse
regeneration component due to the increased shade and seed source provided by residua
hardwood trees. Additiona research is needed to examine the various successiond pathways that
accompany different levels of hemlock harvesting.

Conclusions

While our god was not to determine whether infested stands should be cut or not, our results can be
used to help inform decision making on this management dilemma. Vegetation patterns that
accompany HWA infestation or logging were broadly smilar in species composition but occurred at
different tempora and spatia scales. Logging aoruptly dtered microenvironmenta conditions by
rapidly removing overstory stems, while chronic HWA infestation led to a gradualy thinning canopy
with abundant, scattered snags. In each case, black birch and other hardwoods replaced hemlock
and there was no indication that hemlock will regain a presence in these forests in the near future.

V egetation re-establishment following logging contained a larger pulse of shade-intolerant seedlings,
herbs, and shrubs. Due to the scarcity of conifer regeneration on these Sites, it islikely that
slviculturd intervention in the form of plantings and hardwood thinnings will be required if evergreen
species are desired, athough the cost of these operations would have to be carefully considered.
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