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Abstract. Old-growth forests are valuable sources of ecological, conservation, and
management information, yet these ecosystems have received little study in New England, due
in large part to their regional scarcity. To increase our understanding of the structures and
processes common in these rare forests, we studied the abundance of downed coarse woody
debris (CWD) and snags and live-tree size-class distributions in 16 old-growth hemlock forests
in western Massachusetts. Old-growth stands were compared with eight adjacent second-
growth hemlock forests to gain a better understanding of the structural differences between
these two classes of forests resulting from contrasting histories. In addition, we used stand-
level dendroecological reconstructions to investigate the linkages between disturbance history
and old-growth forest structure using an information—theoretic model selection framework.

Old-growth stands exhibit a much higher degree of structural complexity than second-
growth forests. In particular, old-growth stands had larger overstory trees and greater volumes
of downed coarse woody debris (135.2 vs. 33.2 m*/ha) and snags (21.2 vs. 10.7 m*/ha). Second-
growth stands were characterized by either skewed unimodal or reverse-J shaped diameter
distributions, while old-growth forests contained bell-shaped, skewed unimodal, rotated
sigmoid, and reverse J-shaped distributions. The variation in structural attributes among old-
growth stands, particularly the abundance of downed CWD, was closely related to
disturbance history. In particular, old-growth stands experiencing moderate levels of canopy
disturbance during the last century (1930s and 1980s) had greater accumulations of CWD,
highlighting the importance of gap-scale disturbances in shaping the long-term development
and structural characteristics of old-growth forests. These findings are important for the
development of natural disturbance-based silvicultural systems that may be used to restore
important forest characteristics lacking in New England second-growth stands by integrating
structural legacies of disturbance (e.g., downed CWD) and resultant tree-size distribution
patterns. This silvicultural approach would emulate the often episodic nature of CWD
recruitment within old-growth forests.

Key words: coarse woody debris; dendroecology; forest structure; gap dynamics; Massachusetts;
natural disturbance-based silviculture; old-growth, size-class distributions; stand development; Tsuga

canadensis.

INTRODUCTION

In recent decades, the maintenance of native biodi-
versity through the restoration of late successional forest
structure has emerged as an important forest manage-
ment objective (Hunter 1999, Lindenmayer and Frank-
lin 2002). Suggested approaches for accomplishing this
objective include basing the frequency, intensity, and
landscape distribution of harvests after natural-distur-
bance patterns (Seymour and Hunter 1999) and
artificially creating old-growth structural attributes,
especially large snags and downed logs (e.g., Rose
et al. 2001, Maguire and Chambers 2005). Central to
these approaches is a detailed understanding of the
natural dynamics and structure of remnant old-growth
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forest ecosystems (Spies and Franklin 1991, Tappeiner
et al. 1997). While such information has been developed
for regions supporting large areas of old-growth forest
in the United States, such as the Pacific Northwest,
upper midwest, and Adirondack region of New York, it
is largely lacking in regions where old-growth forests are
scarce, such as southern New England (D’Amato et al.
2006). In these areas, there is great need for detailed
investigations of the dynamics and structural attributes
of the few remnant old-growth stands. Study of these
systems will increase our understanding of the structures
and function of forests historically dominated by natural
processes and will facilitate the development of strate-
gies for restoring late seral structure to second-growth
forests across northeastern North America (e.g., Keeton
2006). More specifically, establishing mechanistic link-
ages between patterns of natural disturbance and
resulting old-growth structures will allow for the
development of silvicultural systems that not only
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approximate patterns of natural canopy disturbance (cf.
Seymour et al. 2002), but also integrate their structural
legacies.

Old-growth forests are widely recognized as structur-
ally complex ecosystems characterized by a diversity of
tree sizes and ages and abundant coarse woody debris in
the form of downed logs and snags (Harmon et al. 1986,
Spies et al. 1988, Peterken 1996). Natural disturbances,
including fire, wind, insects, and diseases, often play a
central role in the development of these structures by
initiating episodic inputs of dead wood (Schoonmaker
1992, Sturtevant et al. 1997, Palik and Robl 1999,
Chokkalingam and White 2002, Muller 2003) and
creating canopy gaps that promote the development of
complex tree size distributions (Runkle 1982, Veblen
1986, Lorimer 1989, Spies et al. 1990, Winter et al. 2002,
Zenner 2005). Similarly, within-stand processes, includ-
ing competition and mortality, strongly influence the
development of old-growth structural features, including
snags (Lee et al. 1997, Busing 2005) and rotated sigmoid
and reverse-J shaped live-tree diameter distributions
(Meyer 1952, Goff and West 1975, Robertson et al.
1978, Leak 1996, Lorimer et al. 2001).

Despite the recognized importance of natural-distur-
bance processes in the development of forest structure
(e.g., Harmon et al. 1986, McComb et al. 1993, Spies
1998, Hennon and McClellan 2003), most studies
examining old-growth structural attributes have focused
on successional dynamics. For example, the dynamics of
coarse woody debris (CWD) are commonly examined
with chronosequences of different ages following stand-
replacing disturbances (e.g., Spies et al. 1988, Sturtevant
et al. 1997, Clark et al. 1998, Hély et al. 2000, Tinker and
Knight 2000, Boulanger and Sirois 2006). This approach
underscores the role of large, intense disturbances in
generating long-lasting biological legacies such as logs,
snags, and surviving trees (e.g., Spies et al. 1988, Tinker
and Knight 2000), but potentially ignores the impor-
tance of more local, gap-scale disturbance in promoting
these structures through the course of stand develop-
ment. Interestingly, the few chronosequence studies that
do evaluate gap processes, such as insect outbreaks
(Sturtevant et al. 1997, Hély et al. 2000) and low-
intensity fires (Spies and Franklin 1991, Weisburg 2004),
indicate that they may generate high levels of structural
variation.

In northeastern North America, stand-replacing
disturbance is uncommon, whereas localized windthrow
and other frequent, gap-scale disturbances strongly
influence stand development (Runkle 1982, Seymour
et al. 2002). This makes quantifying the impact of
disturbance on the structure of old-growth ecosystems
challenging because easily measured attributes, such as
maximum age of canopy trees, do not capture much of
the information on disturbance processes. Information
on gap-scale processes commonly comes from repeated
measurements on the same old-growth stands or
dendroecological reconstructions. Studies using repeated
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measurements are generally short term (i.e., two to three
decades) relative to the longevity of old-growth trees
(e.g., Filip et al. 1960, Foster 1988, Runkle 1992, 2000,
Lorimer et al. 2001, Muller 2003, Busing 2005; but see
Woods 2000a, b). In contrast, dendroecological investi-
gations are capable of capturing long-term changes in
forest composition and live-tree structure (e.g., Henry
and Swan 1974, Oliver and Stephens 1977, Foster 1988,
Fritts and Swetnam 1989, Abrams and Orwig 1996,
McLachlan et al. 2000). The limited attention that these
long-term studies have given to structural attributes,
such as CWD, leads to uncertainty in our understanding
of the linkages between disturbance history and
structural components (Kulakowski and Veblen 2003,
Fraver 2004). Moreover, while there have been several
characterizations of the structural attributes of old-
growth ecosystems in northeastern North America (e.g.,
Gore and Patterson 1986, Tyrell and Crow 1994a,
McGee et al. 1999, Ziegler 2000), little attention has
been paid to how variation in disturbance history may
affect variation in structural attributes within these
systems.

To examine the influence of long-term disturbance
dynamics on old-growth forest structure, we utilized
tree-ring data to reconstruct the stand dynamics of 16
old-growth eastern hemlock (Tsuga canadensis L.)
stands in western Massachusetts. In addition, we sought
to compare downed CWD and live-tree size distribu-
tions in old-growth and adjacent second-growth hem-
lock stands and interpret the importance of contrasting
developmental histories on these structures. We then
examined how the information gained can inform
ecosystem management efforts aimed at restoring old-
growth forest structures to managed forests in the
region.

METHODS

Study area and sampling

Sampling was conducted in 24 eastern-hemlock
dominated forests in the Berkshire Hills and Taconic
Mountains of western Massachusetts (Fig. 1, Table 1).
This area has a humid, continental climate with
elevations ranging from 360-800 m above sea level and
well-drained sandy loam soils formed from weathered
gneiss and schist (Zen et al. 1983, Scanu 1988). Sixteen
sites were old-growth stands, which were defined as
forests lacking any evidence of past land use and
containing at least five canopy trees >225 years old
per hectare, which indicates establishment prior to
European settlement (Field and Dewey 1829) and
exceeds 50% of the maximum longevity for species
commonly encountered in these forests (Dunwiddie and
Leverett 1996, McGee et al. 1999). Extensive analysis of
historical documents and the collection of increment
core samples were used to ensure that each old-growth
study area met these criteria (D’Amato et al. 2006). It is
important to note that these areas represent the largest
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Location of eastern hemlock-dominated old-growth and second-growth stands in western Massachusetts. See Table 1

Physiographic and stand characteristics of old-growth (OG) and second-growth (2G) eastern hemlock study sites in

Mean
Study site Hemlock  Density Basal Maximum canopy-tree Elevation

(Fig. 1 map key) Status (%)t (stems/ha)i area (m*/ha) age (yr)§ age (yr) (m) Slope Aspect
Bash Bish Falls (1) oG 76.9 525 48.4 277 226 370-450 26°-46° 353°-4°
Black Brook (2) oG 79.4 627 47.4 328 210 470-520 23°-38° 350°-10°
Cold River Al (3) oG 52.7 356 44 374 229 390480 36°—40° 336°-340°
Cold River A2 (4) oG 61.6 513 39.5 488 246 400-490  33°-41° 296°-320°
Cold River B (5) oG 76.5 516 38.6 333 188 330-490 40°-42° 332°-340°
Cold River D (6) oG 71.2 660 49.1 441 216 350-390 20°-31° 272°-321°
Deer Hill (7) oG 81.4 325 41.5 282 182 550-580  33°-38° 270°-336°
Grinder Brook (8) oG 88.1 433 38 333 236 360-450 38°-43°  27°-50°
Hopper A (9) oG 63.8 606 41.4 414 196 580-700 26°—40° 225°-270°
Hopper B (10) oG 424 549 35.4 329 198 600—-680  31°-35° 280°-321°
Manning Brook (11) OG 75.1 825 57.4 352 219 360-420 29°-35°  45°-77°
Mt. Everett (12) oG 67.0 399 35.6 325 237 470-530 31°-45°  35°-50°
Money Brook (13) oG 71.9 588 55.4 302 206 600—-660 24°-32°  33°-308°
Tower Brook (14) oG 50.0 499 48.6 244 177 450470 33°-42°  70°-88°
Todd Mountain (15) OG 76.8 551 45 377 209 450-470 28°-35° 315°-358°
Wheeler Brook (16) oG 73.1 533 52.1 300 206 330-370  19°-28° 107°-143°
Bash Bish Falls (17) 2G 70.0 708 38 171 115 380430 26°-34° 325°-350°
Cold River A (18) 2G 60.0 992 38.9 182 132 430-510  29°-36° 290°-303°
Cold River B (19) 2G 69.8 1275 39.4 270 108 340-380  31°-35° 255°-290°
Deer Hill (20) 2G 52.5 1217 37.6 216 113 500-540 35°-38° 350°-0°
Dunbar Brook (21) 2G 72.6 875 52.7 204 136 380410 27°-36°  45°-68°
Grinder Brook (22) 2G 57.3 1042 39.7 151 128 400-460 25°-46°  40°-70°
Money Brook (23) 2G 70.5 825 42.6 201 133 590-620 26°-34° 260°-290°
Trout Brook (24) 2G 63.0 1067 40.4 323 136 320-370  29°-32° 330°-340°

+ Importance value calculated as: (Relative basal area + Relative density)/2.

i Live trees >10 cm dbh.

§ Age of oldest tree with complete increment core sample.
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known remaining old-growth areas on public land in
western Massachusetts.

To facilitate comparisons between successional stages,
sampling was also conducted in eight hemlock-domi-
nated second-growth stands in close proximity (i.e., <5
km) to old-growth study sites. Second-growth sites were
selected carefully to ensure that the environmental
settings (i.e., elevation, topographic position, slope
steepness, and aspect) were as similar as possible to
those of the old-growth stands (Table 1). Although
detailed harvesting records were unavailable for most
second-growth areas, early state documents indicated
that many of these areas were clear-cut harvested in the
late 1800s and early 1900s (Avery and Slack 1926).
Dendroecological analyses of these second-growth areas
confirmed that they were clear-cut harvested between
the 1870s-1900s, as dramatic release and coincident
recruitment pulses were observed in each of these stands
during these decades.

Stand structure and site disturbance history

Depending on stand size, 3-5 0.04-ha plots were
established along transects orientated through the
central portion of each study area and permanently
marked. Species and diameter at breast height (dbh) was
recorded for every tree (stems >1.37 m tall and >10 cm
dbh) established within these plots. In addition, all
saplings (stems >1.37 m tall and <10 cm dbh) were
tallied by species. Increment cores were taken from all
trees at 0.3 m height for radial growth analyses and age
determinations. All increment cores were air-dried,
sanded, and aged with a dissecting microscope and
annual ring widths were measured to the nearest 0.01
mm using a Velmex (East Bloomfield, New York, USA)
measuring system. It is important to note that we chose
relatively small plot sizes to enable the collection of
substantial dendroecological data across multiple old-
growth sites. While these plot sizes are appropriate for
reconstructing gap-scale disturbances, they may have
been inadequate for capturing stand-level heterogeneity
in structure (cf. Rubin et al. 2006). Nonetheless, we felt
these plot sizes represented a reasonable compromise in
levels of accuracy required for dendroecological recon-
structions and structural characterizations.

The disturbance history of each study area was
reconstructed by examining 56—176 cores per site, for a
total of 2577 increment cores. In particular, each core
was examined for (1) large, abrupt increases in radial
growth indicating the loss of overtopping canopy trees
and (2) rapid initial growth rates suggesting establish-
ment in a canopy gap (Lorimer and Frelich 1989). Trees
with mean growth rates >1.2 mm/year over the initial
five years of radial growth were considered gap-recruited
trees. As such, the date of the innermost ring for these
individuals was recorded as the date of canopy accession
(i.e., date of recruitment into the forest canopy; Lorimer
et al. 1988, Frelich 2002, Ziegler 2002). All cores were
evaluated separately for growth releases (i.e., abrupt
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increases in radial growth) using the criteria established
by Lorimer and Frelich (1989). These analyses deter-
mine the date in which understory trees were released
into the forest canopy following the loss of overtopping
canopy trees. For these analyses, we assumed that the
year in which the growth release began represented the
date of canopy recruitment for a given individual.
Disturbance chronologies for each site characterizing
the amount of canopy area disturbed each decade were
created using the methodology developed by Lorimer
and Frelich (1989; see D’Amato and Orwig [2008] for a
detailed description of these methods). Nonmetric
multidimensional scaling (NMS) was used to synthesize
the dominant gradients in disturbance history among
study sites using the approach outlined in D’Amato and
Orwig (2008). In brief, a matrix of study sites by decade
was constructed and the percentage of canopy area
disturbed was entered for each site and decade. NMS
was run using this data matrix and the resulting NMS
scores from these analyses were utilized to explore
relationships between downed CWD and snag volumes,
snag density, and disturbance history (see Methods:
Statistical analyses).

Downed coarse woody debris and snags

The volume of downed coarse woody debris (CWD;
downed trees, branch fragments) was measured at each
site using the line intercept method (Harmon and Sexton
1996). In each study area, three 50-m transects radiating
from a randomly located point were established. To
avoid potential bias due to steep slopes, azimuths of 30°,
150°, and 270° were used for the three transects. In
addition to the randomly located transects, three 10-m
transects originating from the center of each 0.04-ha plot
were established along azimuths of 30°, 150°, and 270° to
allow for direct comparisons between stand disturbance
dynamics and the abundance of downed CWD. Ran-
dom points resulting in overlap with plot-level transects
were not used. It is important to note that the use of
relatively short transects (<100 m, sensu Harmon and
Sexton 1996) may have limited our ability to fully
capture the variation in downed CWD at these sites.
Nonetheless, the mean coefficient of variation for
within-site downed CWD abundance was 46.5%, which
is within acceptable levels of accuracy for sampling
coarse woody debris (cf. Woldendorp et al. 2004). As
such, we feel our estimates are accurate representations
of downed CWD within old-growth and second-growth
hemlock systems.

All fallen tree or branch fragments >10 cm in
diameter and >1.5 m long encountered along each
transect line were measured and identified by species. If
a determination of species could not be made in the field,
samples were taken from the field and examined under a
dissecting microscope. In cases in which species could
not be determined, samples were broadly classified as
either hardwood or conifer. Pieces of downed CWD
intersected at their central longitudinal axis by more
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Disturbance history and stand attribute variables used to model coarse woody debris (CWD) and snag abundance in

Abbreviation

Definition

DISTDYNO90t
spanning 1910-1990
DISTDYN40%
CANOPY80
MEANDIST
MAXAGE
AVGDBH

age of oldest canopy tree

scores from nonmetric multidimensional scaling (NMS) ordination utilizing disturbance chronology
scores from (NMS) ordination utilizing disturbance chronology spanning 1950-1990

percentage of overstory trees experiencing canopy disturbance from 1980-1994

mean decadal disturbance rate over length of disturbance chronology utilized in NMS ordinations

mean diameter at breast height (dbh) of canopy trees

T Variable only utilized in models for CWD volume.

1 Variable only utilized in models for snag volume and density.

than one transect were tallied for each transect
intersection, whereas pieces with a longitudinal axis
directly on plot center were only tallied once (FIA 2005).

For each piece of downed CWD encountered, we also
recorded orientation, origin (uproot, bole, snap, or
unknown event), diameter, and decay class following the
four-class system outlined by Fraver et al. (2002). Extent
of decay was inspected for each piece using a pointed
metal chaining pin. Decay classes were defined accord-
ing to Fraver et al. (2002) as class I (wood is sound, bark
intact, smaller to medium sized branches present), class
IT (wood is sound to partially rotten, branch stubs firmly
attached with only larger stubs present, some bark
slippage), class III (wood is substantially rotten, branch
stubs easily pulled from softwood species, wood texture
is soft and compacts when wet), or class IV (wood is
mostly rotten, branch stubs rotted down to log surface,
bark no longer attached or absent [except Betula spp.],
log is oval or flattened in shape). Downed CWD volume
was estimated using the following formula:

V= (r)_d*/8L) X 10000 m’ /ha

where V is the volume (m?/ha), d is the CWD fragment
diameter (m), and L is the transect length in meters (van
Wagner 1968). Volume estimates for each transect at the
stand- and plot-level were averaged to determine total
mean volume for each study site.

The species, height, dbh, decay class (see downed
CWD), and fragmentation class (1, crown intact; 2,
crown missing but large branches present; 3, bole only;
4, broken bole) were recorded for all snags >1.5 m tall
and >10 cm dbh within each 0.04-ha plot. Snag volume
was calculated from snag basal area and height utilizing
volume formulas developed for each fragmentation class
(Tyrell and Crow 1994a).

Statistical analyses

Diameter distributions were constructed with 5-cm
size-class intervals and converted to relative frequency
distributions to allow for comparisons across sites with
varying densities. To determine the general trend of each
distribution, first-, second-, third-, and fourth-order
polynomial functions were fit to the semilogarithmic-
transformed diameter distributions of each stand
following the methods outlined by Goff and West

(1975) and Zenner (2005). Curve forms with the highest
adjusted > were considered the best approximation for a
given diameter distribution. Structural attributes, in-
cluding downed CWD and snag volumes, snag density,
and large tree (>50 cm dbh) densities were compared
between successional stages using Wilcoxon rank-sum
tests. Coarse woody debris decay distributions were
analyzed using the Kolomogrov-Smirnov goodness-of-
fit test. The directionality of fallen trees within each
study area was analyzed using Rayleigh’s Uniformity
Test (Greenwood and Durand 1955). In cases in which
fallen trees displayed uniform directionality, the mean
direction of fallen trees was compared to study area
aspect using a modified Rayleigh’s test (Durand and
Greenwood 1958). Tests of directionality were per-
formed using Oriana 2.0 (Kovach 1994), whereas all
other statistical analyses were conducted using SAS
version 9.1 (SAS Institute 2004). Significance levels were
set at oo = 0.05 for all analyses and experiment-wide
probability levels were protected by a sequential
Bonferroni procedure (Rice 1989).

Linear regression analyses were used to test specific a
priori hypotheses regarding the influence of factors, such
as disturbance history and stand age, on the observed
downed CWD volume, snag volume, and snag densities
in old-growth hemlock stands (Table 2). Scores from
NMS ordinations of the disturbance chronologies were
used as variables representing the gradients in variation
among study sites in terms of disturbance history. For
models predicting downed CWD volume, NMS scores
were based on NMS ordinations utilizing disturbance
chronologies spanning 1910-1990, whereas NMS scores
for models predicting snag volume and density were
based on chronologies spanning 1950-1990. These
chronology lengths were chosen based on log decay
rates (McComb 2003) and snag fall rates (Lester 2003)
for common species in our study areas and represent an
approximation of the disturbance periods during which
much of the downed CWD and snags in these stands
were likely formed. For detailed analyses of older (i.e.,
1720-1909) disturbance dynamics in these study areas,
see D’Amato and Orwig (2008).

Based on our understanding of the factors potentially
influencing downed CWD and snag abundance, a set of
plausible models was constructed and evaluated using
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the corrected Akaike Information Criterion, AIC,
(Burnham and Anderson 1998). AIC. is derived from
the maximum log-likelihood estimate and number of
parameters in a given model, rewarding models for
goodness of fit and imposing penalties for multiple
parameters. Smaller AIC, values indicate better models,
and AIC, values are ranked according to the difference
between the AIC, value for a given model (AIC.) and
the lowest AIC, value in a given set of models (AIC yin):
A; = AIC,; — AIC ,. The difference value, A;, allows a
strength of evidence comparison among the models,
where increasing A; values correspond with decreasing
probability of the fitted model being the best approxi-
mating model in the set (Anderson et al. 2000). As a rule
of thumb, models with A; < 2 have considerable support
and should be considered when making inferences about
the data (Burnham and Anderson 2001). While models
with A; between 2 and 4 also have some level of support,
we chose to limit our interpretation to those models with
the greatest levels of support as the best approximating
models in the set (i.e., A; < 2). To approximate the
probability of a model being the best in a given set, the
A; values were used to calculate Akaike weights (w,)
using the following formula (Burnham and Anderson
1998):

__exp(=A/2)

iR

S exp(~A, /2)

r=I1
where w; is the Akaike weight for model i and R is the
number of models in the set. For all model comparisons,
a null model that only included the intercept term was
included in the candidate set of models. Models based
on a priori hypotheses were compared to the null model
to determine whether the constructed models explained
more variation in forest structural attributes. Note, we
chose to use the corrected Akaike Information Criterion
over the original Akaike Information Criterion due to
its superior performance with smaller sample sizes
(Burhham and Anderson 2001).

REsuLTs
Comparisons between successional stages

Several diameter distribution patterns were observed
for the old- and second-growth hemlock stands (Figs. 2
and 3). Size distributions in old-growth stands ranged
from bell-shaped and skewed unimodal to rotated
sigmoid and reverse J-shaped distributions (Fig. 2),
whereas distributions in second-growth stands were
either skewed unimodal or reverse-J distributions
(Fig. 3). Despite sharing some similar general curve
forms, old-growth stands typically had trees distributed
over a greater range of diameter classes (Figs. 2 and 3;
Plate 1). In addition, rotated sigmoid distributions,
which contain distinct plateaus or bumps in the mid-
range diameter classes (e.g., Tower Brook; Fig. 2), were
not observed in second-growth stands (Fig. 3). Overall,
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the density of large trees (>50 cm) and saplings was
higher in old-growth stands than in second-growth
stands (Fig. 4).

Old-growth stands had approximately four times the
volume of downed coarse woody debris (CWD; 135.2 =
10.5 m*/ha; mean = SE) as second-growth (33.2 = 4.4
m’/ha) stands (Table 3). Downed CWD input size, as
measured by line-intercept diameters, was also greater in
old-growth stands (mean [+ SE] intercept diameters of
21.0 £ 0.6 and 16.0 £ 0.7 cm for old-growth and
second-growth stands, respectively; Z = —3.70, P <
0.0001). The majority of downed woody debris in old-
growth stands was composed of conifer species (i.e.,
Tsuga candensis and Picea rubens; see Plate 1), whereas
most downed wood inputs in second-growth stands were
from hardwood species, particularly Betula papyrifera,
Fagus grandifolia, and Acer rubrum (Table 3). Downed
logs were randomly oriented in all second-growth stands
except for the Dunbar Brook study site, which displayed
uniform directionality (mean vector = 351°; Rayleigh’s
P < 0.05) that was consistent with the mean slope aspect
in this study area (slope aspect = 352° modified
Rayleigh’s P < 0.05). In contrast, downed logs displayed
uniform directionality (Rayleigh’s P < 0.05) in nine out
of the 16 study old-growth study areas, with four sites
(Cold River Al, Cold River D, Hopper B, Manning
Brook) displaying orientations different from mean
slope aspects (mean vectors = 43°, 65°, 270°, and 90°,
respectively; modified Rayleigh’s P > 0.3).

There were a greater total number of snags in second-
growth stands vs. old-growth stands (Table 3); however,
these were composed primarily of small diameter stems.
In particular, mean snag diameter and the density of
large snags (>35 cm dbh) were both significantly greater
in old-growth stands (Table 3). Nearly two-thirds
(64.8 £ 6.6%; mean * SE) of the snags in old-growth
sites had diameters greater than the mean live-tree
diameter, while the majority (61.4 = 8.0%) of the snags
in second-growth stands had diameters smaller than the
mean live-tree diameter. Total snag volumes were
significantly greater in old-growth stands despite the
higher total number of snags in second-growth stands
(Table 3).

The distribution of downed CWD among decay
classes did not differ between old-growth and second-
growth stands (Fig. 5; Kolmogorov-Smirnov test P =
0.89). For both successional stages, the lowest propor-
tion of downed CWD was in decay class IV (highest
level of decay). However, downed CWD volume in
decay class IV was 89.4% greater in old-growth vs.
second-growth stands. Similar to the distributions of
downed CWD, there was no difference in the distribu-
tion of snag volumes among decay classes between
successional stages (Fig. 5; Kolmogorov-Smirnov test
P = 0.98). Despite the similarities in distributions
between successional stages, it is important to note that
no second-growth stands had any snags in decay class
IV (Fig. 5).
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Size-class distributions (based on relative frequency) for all tree species combined within old-growth eastern hemlock

stands. Stands are ordered by maximum age, and regression curves are superimposed on the diameter distribution. Values in
parentheses represent mean decadal disturbance rate (percentage of canopy area disturbed) from 1870 to 1989.

Variation in structure among old-growth forests

In addition to the differences in forest structure
between successional stages, there was also a great
degree of variation in structural attributes, such as size
distributions, downed CWD volumes, snag volumes,
and snag densities, among old-growth stands (Fig. 2,
Table 3). Disturbance rates were also different among
old-growth stands with mean decadal disturbance rates

ranging from 2.4% to 9.9% canopy area disturbed. In
general, old-growth stands with moderate to high mean
levels of canopy disturbance over the past 130 years (i.e.,
>3.0% canopy area disturbed per decade) tended to
have well-formed reverse-J (e.g., Cold River D and Cold
River A2 in Fig. 2) or rotated sigmoid size distributions
(e.g., Tower Brook in Fig. 2), whereas stands with low
levels of disturbance had bell-shaped (e.g., Deer Hill in
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Fig. 2) or skewed unimodal distributions (e.g., Wheeler
Brook in Fig. 2). An exception to this general trend was
the Bash Bish Falls study site, which had a skewed
unimodal distribution despite having a high mean level
of canopy disturbance (Fig. 2). Interestingly, the
youngest tree at this site >10 cm dbh was 103 years
old, suggesting potential recruitment limitation at this
site despite a high level of canopy disturbance.
Variation in disturbance history from 1910-1990 had
a strong influence on the volume of downed CWD in

each old-growth stand, as the best single model for
describing this structural attribute predicted a positive
relationship between DISTDYN90 (model-averaged
parameter = 36.7 = 10.4 [+=SE]) and downed CWD
volume (Table 4). Pearson’s correlations between NMS
scores used for calculating DISTDYNO90 and the
disturbance chronology data matrix indicated that the
variables describing the percentage canopy area dis-
turbed in the 1930s and 1980s, respectively, had the
highest positive correlations with these NMS scores.
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These correlations suggest that both historic and more
recent disturbances have played a prominent role in
structuring downed CWD pools in these sites. Corre-
spondingly, there were significant differences in the
distribution of downed CWD among decay classes
between stands with positive and negative NMS scores
(Fig. 6; Kolmogorov-Smirnov test P < 0.05). In
particular, those stands experiencing higher levels of
disturbance in the 1930s and 1980s (i.e., positive NMS
scores) had greater volumes of decay class I, I, and IV

Relative frequency distribution for all tree species combined within second-growth eastern hemlock stands. Regression

downed CWD compared to stands experiencing lower
levels of disturbance during these decades (Fig. 6).
Mean dbh of living trees (AVGDBH) was the best
predictor of snag volumes (Table 4) as old-growth
stands with larger diameter living trees also contained
higher snag volumes (model-averaged parameter =1.8 =
0.58). Four other models also had strong support as
being the best approximating model for describing snag
volumes (i.e., A; < 2; Table 4): variation in disturbance
history from 1950-1990 (DISTDYN40), recent canopy
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variation in disturbance history from 1950 to 1990
(DISTDYN40), mean dbh of living trees (AVGDBH),
recent canopy disturbance (CANOPY80), and stand age
(MAXAGE). For all model comparisons, the null
models had very little support of being the best model
in the set (i.e., A; < 10; Table 4) indicating that the
selected models were able to explain more variation in
forest structure than other unmeasured factors.

Discussion
Comparisons between successional stages

Our results indicate that old-growth hemlock forests
exhibit a higher degree of structural complexity than
second-growth hemlock forests in western Massachu-
setts, particularly live-tree size distributions and the

TABLE 3.
stands in western Massachusetts.

woody debris and (b) snags in second-growth and old-growth
eastern hemlock forests.

abundance and decay characteristics of downed coarse
woody debris (CWD) and snags. These findings are
consistent with other structural comparisons of second-
growth and old-growth forest ecosystems in northeast-
ern North America (Gore and Patterson 1986, McGee
et al. 1999, Ziegler 1999, Crow et al. 2002) and are likely
due to the differences in stand developmental history
between the old-growth and second-growth stands.
Specifically, the second-growth stands studied originated
following stand-replacing disturbances (i.e., clear-cut
harvesting) in the late 19th century, whereas the
development of the old-growth areas had been primarily

Characteristics of downed coarse woody debris (CWD) and snags in eastern hemlock

Old growth (n = 16)

Second growth (n = 8)

Structural attribute Mean *= SE Range Mean = SE Range
Downed CWD volume (m*/ha) 135.2* + 10.5 60.6-224.1 33.2° + 44 19.9-47.8
Conifer downed CWD (%) 87.0" £ 2.5 68.6-98.4  21.6° + 6.1 4.6-55.5
Snag volume (m*/ha) 21.2% =32 1.0-44.0 10.7° + 2.3 1.8-19.8
Total snag density (no./ha) 30.0 = 3.1 6.3-50.0  54.2° +10.0 25.0-108.3
Large snag (>35 cm) density (no./ha) 13.4* = 1.9 6.3-25.0 42° 3.1 0-33.3
Snag diameter (cm) 35.6" £ 2.5 113954 214>+ 13 10.1-46.6

Note: Statistically significant differences (P
successional stages are denoted with different lowercase letters.

< 0.05; Wilcoxon rank sum test) between
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TaBLeE 4. Ranking of a priori hypothesized models relating forest structural attributes and

disturbance history to downed coarse woody debris (CWD) volume, snag volume, and snag

density in old-growth eastern hemlock forests.

Model Kt AIC. I A§ W
Downed CWD volume
DISTDYN90 3 167.5 0 0.54
MAXAGE 3 169.9 2.36 0.17
AVGDBH 3 170.4 2.92 0.13
CANOPY80 3 171.4 3.89 0.08
MEANDIST 3 171.9 4.38 0.06
DISTDYN90 MAXAGE DISTDYN90 X MAXAGE 5 174.4 6.92 0.02
CANOPY80 MAXAGE CANOPY80 X MAXAGE 5 177.3 9.82 <0.01
MEANDIST MAXAGE MEANDIST X MAXAGE 5 177.3 9.82 <0.01
NULL MODEL 2 177.7 10.18 <0.01
Snag volume
AVGDBH 3 131.8 0 0.35
DISTDYN40 3 133.1 1.31 0.18
CANOPYS80 3 133.1 1.31 0.18
MEANDIST 3 133.7 1.93 0.13
MAXAGE 3 133.7 1.93 0.13
MEANDIST MAXAGE MEANDIST X MAXAGE 5 138.9 7.09 0.01
CANOPY80 MAXAGE CANOPY80 X MAXAGE 5 140.1 8.26 <0.01
DISTDYN40 MAXAGE DISTDYN40 X MAXAGE 5 140.2 8.44 <0.01
NULL MODEL 2 144.6 12.79 <0.01
Snag density
MEANDIST 3 132.1 0 0.29
DISTDYN40 3 132.6 0.44 0.23
AVGDBH 3 133.3 1.14 0.16
CANOPYS80 3 133.4 1.31 0.15
MAXAGE 3 133.4 1.32 0.15
MEANDIST MAXAGE MEANDIST X MAXAGE 5 139.9 7.79 0.01
DISTDYN40 MAXAGE DISTDYN40 X MAXAGE 5 140.4 8.29 <0.01
CANOPY80 MAXAGE CANOPY80 X MAXAGE 5 141.2 9.04 <0.01
NULL MODEL 2 145.6 13.45 <0.01

Notes: Rankings are based on the corrected Akaike Information Criterion. See Table 2 for

Vol. 18, No. 5

variable definitions. Models ranking below the null model are not presented.
1 Total number of model parameters including the intercept and variance parameters.

I Corrected Akaike Information Criterion.

§ Difference between model AIC, value and minimum AIC, value.
|| Probability of model being the best in a given set.

influenced by more than three centuries of small to
moderate gap-scale disturbances (D’Amato and Orwig
2008). As a result, there was a tremendous degree of
disparity between successional stages in terms of forest
structural attributes.

The variety of diameter distribution patterns observed
for hemlock stands in this study were similar to those
reported elsewhere for second-growth (Ward and Smith
1999) and old-growth eastern hemlock stands (Meyer
and Stevenson 1943, Hett and Loucks 1976, Tyrrell and
Crow 1994a, Ziegler 2000, Orwig et al. 2001). Skewed
unimodal and reverse J-shaped patterns were the only
distribution types observed in second-growth stands and
these patterns largely reflected successional processes
occurring during the stem exclusion phase (Hett and
Loucks 1976, Oliver 1981, Orwig et al. 2001). Similarly,
the reverse-J shaped patterns observed in several second-
growth stands were likely due to the stratification of
species into distinct size classes (Oliver 1978, Muller
1982, Lorimer and Krug 1983, Hornbeck and Leak
1992), as faster-growing species, including Betula lenta,
B. papyrifera, and Quercus rubra, often occupied upper

60
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Decay class

Fic. 6. Decay class distributions of downed coarse woody
debris (CWD) between old-growth stands with high levels of
canopy disturbance in the 1930s and 1980s (high NMS scores, n
=9 stands) and stands with lower levels of disturbance during
these decades (low NMS scores, n = 7 stands).
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canopy positions, whereas hemlock typically occurred in
lower canopy strata (Fig. 3).

The only diameter distribution types unique to old-
growth hemlock stands were bell-shaped and rotated
sigmoid distributions. Rotated sigmoid distributions
have been documented in other old-growth ecosystems
dominated by shade tolerant species (Goff and West
1975, Goodburn and Lorimer 1999, Westphal et al.
2006) and have been suggested as a universal distribu-
tion type for smaller old-growth stands, such as those
examined in this study (Goff and West 1975). In
contrast, bell-shaped and skewed unimodal diameter
distributions are typically associated with even-aged
forests (Ford 1975); however, these diameter distribu-
tions have been observed in several uneven-aged old-
growth eastern hemlock forests in the upper midwest
(Frelich and Lorimer 1985, Tyrrell and Crow 1994a),
New York (Ziegler 2000), and Massachusetts (Orwig
et al. 2001). These distributions have been attributed to
the lack of Tsuga recruitment due to deer browsing
(Frelich and Lorimer 1985) or unfavorable understory
light conditions for successful regeneration in dense
hemlock stands (Hett and Loucks 1976, Orwig et al.
2001). In this study, the site exhibiting a bell-shaped size
distribution (Deer Hill) had abundant evidence of deer
browsing (i.e., clipped seedlings and shrubs, abundant
deer sign) and the lowest density of saplings among old-
growth stands (319 stems/ha) suggesting that sustained
herbivory may have prevented the establishment of new
Tsuga recruits in this area. In contrast, the two areas
with skewed unimodal distributions (Bash Bish Falls,
Wheeler Brook) had little evidence of herbivory, yet still
had lower sapling densities (<700 stems/ha) indicating
that the competitive effects of overstory trees on
understory growing conditions may have prevented the
successful recruitment of saplings into the canopy at
these sites.

Our estimates of downed CWD volume were within
the range reported elsewhere for old-growth (Tyrrell and
Crow 1994a, Ziegler 2000) and second-growth (Math-
ewson 2006) eastern hemlock forests. In contrast, the
range of snag volumes and densities in the old-growth
stands we examined were much lower than those
reported for other old-growth eastern hemlock forests
(Tyrrell and Crow 1994a, Ziegler 2000). These differ-
ences in snag characteristics were likely due to higher
snag fall rates in our study areas due to the steeper
slopes they occupy (mean slope = 34.3° = 1.3°).
Moreover, the range of total CWD volumes (i.e., snags
and downed CWD combined) in these study areas (97—
234 m?/ha) was similar to those reported by Tyrrell and
Crow (1994a), suggesting that similar levels of CWD are
produced in the old-growth study areas we examined,
although a larger proportion is in downed logs.

Differences in downed CWD and snag volumes
between second-growth and old-growth stands were
primarily due to larger CWD inputs within old-growth
stands. In particular, old-growth stands had a higher
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density of large diameter canopy trees resulting in larger
diameter snags and greater downed CWD volumes
compared to second-growth areas. In addition, the
primary mortality processes in these two successional
stages were quite distinct, subsequently affecting CWD
input size. The higher amounts of mortality for
overstory trees in old-growth stands due to disturbance
processes (cf. Dahir and Lorimer 1996, Lorimer et al.
2001) led to larger CWD inputs within the old-growth
stands. Conversely, the abundance of smaller diameter
snags and downed Betula papyrifera CWD indicated
that successional processes, such as mortality from self-
thinning (Dahir and Lorimer 1996) and the death of
shorter-lived, intolerant species (Lee et al. 1997), were
influencing the development of snags and downed CWD
in second-growth stands. This is consistent with findings
of other studies examining CWD in younger forest
stands in which the mortality of overtopped stems
(McComb and Muller 1983, Dahir and Lorimer 1996,
Goodburn and Lorimer 1998) and death of shorter-
lived, pioneer species (Gore and Patterson 1986, Ziegler
2000) contributed to the abundance of snags and
downed CWD. Due to the higher wood decomposition
rates associated with most pioneer species, including B.
papyrifera (McComb 2003), the potential for the
accumulation of large volumes of downed CWD and
snags within these second-growth systems is limited.
Disturbance processes did play an important role in
promoting high volumes of downed CWD in several
second-growth sites (Trout Brook, Deer Hill, Money
Brook). Notably, canopy F. grandifolia killed by the
beech bark disease complex (scale insect [Cryptococcus
fagisuga Lindinger] and fungus [Nectria spp.]; Houston
1994) made up a significant portion of the snags and
downed CWD in these stands (e.g., 51.5%, 40.2%, and
58.6% of the total downed CWD in the Trout Brook,
Deer Hill, and Money Brook study areas, respectively).

Variation in structure among old-growth forests

Differences in disturbance history resulted in a range
of variation in forest structure among old-growth
stands, particularly in terms of live-tree distributions,
downed CWD abundance, and snag densities. Although
reverse-J shaped or descending monotonic diameter
distributions have been suggested as emergent properties
of old-growth forest ecosystems (e.g., Hough 1932,
Meyer and Stevenson 1943, Meyer 1952, Lorimer 1980,
Oliver and Larson 1996), these distributions were not
observed for all of the old-growth stands examined in
this study. Deviations from this general curve form have
been ascribed to the influence of past disturbances,
particularly in instances where rotated sigmoid distri-
butions have been observed (Schmelz and Lindsey 1965,
Lorimer 1980, Parker et al. 1985, Leak 1996, Lorimer
and Frelich 1998). In this study, several of the stands
(Black Brook, Money Brook, Tower Brook) exhibiting
rotated sigmoid curve forms experienced moderate
intensity disturbance events (>10.0% canopy area
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TaBLE 5. Percentage of canopy disturbed during the 1930s and
1980s and volume of downed coarse woody debris (CWD)
for each Tsuga canadensis-dominated old-growth study area.

Canopy disturbed (%)t

Downed
Study site 1930s 1980s CWD (m’/ha)
Bash Bish Falls 34 3.9 60.6
Black Brook 1.9 2.3 110.0
Cold River Al 6.7 2.4 201.7
Cold River A2 52 2.0 147.7
Cold River B 5.5 4.7 135.7
Cold River D 8.0 2.2 157.3
Deer Hill 32 0.2 100.9
Grinder Brook 3.8 0.8 115.7
Hopper A 11.4 6.0 117.2
Hopper B 5.2 6.2 134.5
Manning Brook 14.6 1.3 224.1
Mt. Everett 2.7 0.5 115.9
Money Brook 1.1 0.8 94.1
Tower Brook 8.8 2.4 171.8
Todd Mountain 32 4.6 169.1
Wheeler Brook 1.4 0.1 106.9

+ Values represent reconstructions of percentage canopy area
disturbed based on dendroecological methods outlined in
Lorimer and Frelich (1989).

disturbed; D’Amato and Orwig 2008) within the past
110 years, suggesting that these distributions may be a
reflection of recovery from past disturbance events
(sensu Schmelz and Linsey 1965). However, the study
areas with highest mean levels of canopy disturbance
over the past 130 years (Hopper A, Hopper B, and Cold
River D) had reverse-J shaped diameter distributions
indicating that frequent, moderate intensity disturbances
may result in the constant mortality rates across
diameter classes required to generate and maintain this
distribution (Leak 1964, Westphal et al. 2006).

An alternative explanation for failure to observe
reverse-J shaped distributions in some of the old-growth
stands is an insufficient sampling area to detect such a
population structure (Rubin et al. 2006). Rubin et al.
(2006) argue that sampling areas exceeding 1 ha are
necessary to accurately assess the diameter distribution
of old-growth stands due to the variable spatial
distribution of different sized trees. In addition, the
use of larger sampling areas increases the likelihood of
encountering a wider range a range of structural
conditions (e.g., saplings, pole-size trees, mature trees)
resulting from historic gap-scale disturbances (cf. Meyer
1952). However, the reverse-J shaped distributions
observed in study areas with the highest mean levels of
canopy disturbance suggest that this disturbance regime
may have resulted in the mosaic of size and age classes
necessary to detect this population structure at the scales
we sampled.

The abundance of downed CWD among old-growth
stands was strongly related to past disturbance history.
In particular, stands experiencing high levels of canopy
disturbance in the 1930s and 1980s tended to have the
highest volumes of downed CWD (Table 5), highlighting
the role of past disturbance events in generating the
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observed variation in downed CWD pools among old-
growth study areas. In addition, several sites (Cold
River Al, Cold River D, and Manning Brook) with the
highest volumes of downed CWD had uniform downed-
log orientations consistent with prevailing wind direc-
tions for storm events in this region, which likely
generated the CWD in these stands (Boose et al. 2001;
data available online).’ The importance of recent, gap-
scale disturbances contributing to CWD pools has been
shown by numerous studies in which disturbance events,
including wind storms (Kirby et al. 1998, Spetich et al.
1999, Christensen et al. 2005), ice storms (Rebertus et al.
1997, Hooper et al. 2001, Bragg et al. 2003), and insect
outbreaks (Sturtevant et al. 1997, Youngblood and
Wickman 2002), have resulted in large pulses of downed
CWD. Few studies have examined the role of historic
disturbances on downed CWD abundance; however,
Schoonmaker (1992) found that 63% of the downed
CWD within an old-growth white pine (Pinus strobus)—
hemlock stand was from a large-scale hurricane event
occurring five decades prior to his sampling. Although
maximum canopy disturbance levels at our study areas
during the 1930s (14.7% of canopy area disturbed) were
much lower than those for the areas studied by
Schoonmaker (1992; ~75% disturbed based on Foster
[1988]), the legacy of disturbance during this decade is
still affecting downed CWD pools within these stands.
This legacy is likely a reflection of the decay resistance
of eastern hemlock logs as it can take nearly 200 years
for their complete decomposition (Tyrrell and Crow
1994b).

Wind, insects, and diseases are common mortality
agents resulting in snag formation in forest stands (e.g.,
Foster 1988, Peterson and Pickett 1991, Orwig and
Foster 1998, Hansen and Goheen 2000, Wilson and
McComb 2005). Although trees snapped by recent wind
events are easily recognized (e.g., Putz et al. 1983,
Peterson and Pickett 1991), assigning causes of tree
death and subsequent snag formation for other distur-
bance agents and older disturbance events is often
challenging (but see Worrall et al. 2005). While we could
not determine the origin of all snags in these study areas,
our results indicate that areas experiencing higher levels
of canopy disturbance generally had higher snag
densities. Moreover, all stands contained wind-snapped
stems and a few stands had F. grandifolia snags resulting
from beech bark disease. In contrast, differences in site
productivity, as measured by mean overstory tree
diameter, influenced the volume of snags in old-growth
areas. This finding is consistent with other studies that
reported higher snag volumes on more productive sites
(Linder et al. 1997, Spetich et al. 1999).

Dendroecological reconstructions of disturbance his-
tory were very useful in elucidating the factors
responsible for the observed variation in structure

5 (www.ncdc.noaa.gov/oa/ncde.html)
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PrATE 1.

Several of the structural attributes characterizing old-growth Tsuga canadensis forests in western Massachusetts,

USA, including a diversity of tree sizes and an abundance of downed coarse woody debris (CWD), are seen in this portion of the
Cold River A2 study area. Note the recent pulses of CWD within this stand due to wind (7. canadensis log in background) and
disease (Fagus grandifolia log in foreground resulting from mortality associated with beech bark disease complex [scale insect,

Cryptococcus fagisuga Lindinger, and fungus, Nectria spp.]).

among old-growth hemlock stands. For example, these
reconstructions highlighted the importance of recent and
historic disturbance events in structuring the downed
CWD pools, live-tree distributions, and snag densities
within these old-growth areas. Despite the usefulness of
this approach, it is important to recognize the limita-
tions of relying solely on dendroecological data for
relating disturbance history to forest structure. In
particular, most dendroecological criteria used for
detecting growth releases rely on at least a 10-year
post-disturbance window (e.g., Lorimer and Frelich
1989, Nowacki and Abrams 1997, Fraver and White
2005a), preventing the inclusion of recent disturbance
events. Likewise, trees in recent canopy gaps may not be
large enough for coring at the time of sampling leading
to an underestimate of the amount of canopy disturbed
by recent disturbances (Frelich 2002). Future studies
utilizing this approach for examining relationships
between disturbance history and forest structure should
incorporate measurements of recent gap areas, as well as
estimates of gap creation dates (cf. Runkle 1992, Fraver
and White 2005b) to account for these limitations.

Conclusions and management implications

The structure of the old-growth stands examined in
this study is quite distinctive from the second-growth
stands covering much of the landscape of western
Massachusetts. Structural attributes of these older
systems, including tree sizes and ages, sapling densities,

and the abundance of coarse woody debris, are much
greater than those observed in second-growth areas. The
live-tree distribution patterns and estimates of downed
CWD in this study were similar to those in other old-
growth eastern hemlock forests located on more
moderate terrain in the upper midwest and New York
(Tyrrell and Crow 1994a, Ziegler 2000), highlighting
that many structural properties in the old-growth stands
in western Massachusetts are representative of the
natural range in variation for this forest type. While
successional processes such as density-dependent mor-
tality are influencing the structure of second-growth
systems, our findings suggest that long-term gap-scale
disturbances have been responsible for generating most
of variation in structure currently observed in these old-
growth areas.

The importance of disturbance in shaping forest
structural characteristics has long been recognized;
however, few studies have directly examined the role
disturbance plays in generating the structural complexity
commonly observed in old-growth forest ecosystems.
Using stand disturbance chronologies constructed from
tree-ring data, we were able to test specific hypotheses
regarding the influence of disturbance dynamics on old-
growth structure and demonstrate how these distur-
bances have affected factors such as downed CWD
abundance. In particular, the high volumes of downed
CWD found at several old-growth sites were linked to
past, moderate intensity canopy disturbances that



1196

resulted in pulses of deadwood at these areas. These
episodic patterns of CWD recruitment are critical for
maintaining a spatially heterogeneous distribution of
deadwood within forest stands, as well as for maintain-
ing a mosaic of logs in various stages of decay for
deadwood-dependent organisms (e.g., McComb 2003,
Mathewson 2006).

The mechanistic linkages we observed between
disturbance processes and old-growth structural attri-
butes highlight the importance of incorporating struc-
tural dynamics into ecosystem management strategies
aimed at restoring old-growth structures to managed
landscapes (cf. D’Amato and Catanzaro 2007). While
natural-disturbance parameters, including the scale and
frequency of canopy disturbance, have been incorporat-
ed into current management systems (Seymour et al.
2002), these approaches do not account for the
structural legacies of disturbance, including large
downed logs, that our results indicate are central to
the development of old-growth structure. To account for
these structural dynamics, natural disturbance-based
harvesting systems could be modified to include the
deliberate felling and retention of canopy trees within
harvest gaps (sensu Keeton 2006), emulating the
episodic nature of CWD recruitment found in these
systems. The inclusion of CWD creation with each
harvest entry would not only increase stand level CWD
volumes, but also result in a diversity of decay classes
within treated stands. In many cases, large canopy trees
may be absent from second-growth systems, and
therefore the use of crown release treatments (Singer
and Lorimer 1997) and selection systems guided by
rotated sigmoid target distributions (Keeton 2006) could
be used to accelerate the development of large living
trees and future, large dead wood inputs within these
systems.

The diversity of diameter-distribution forms observed
in this study reinforce the conclusions of other work
regarding the prevalence of multiple distribution types
common in uneven-aged forest stands (e.g., Lorimer and
Frelich 1984, Leak 1996, O’Hara 1998, Westphal et al.
2006, Neuendorff et al. 2007). Notably, these results
highlight that variations in disturbance history can result
in spatial and temporal variation in size-class distribution
forms across compositionally similar old-growth stands.
As such, uneven-aged management approaches should
consider multiple, target diameter distribution forms if
objectives include maintaining natural levels of structural
variation on the landscape (O’Hara 1998, 2001).
Similarly, a range of natural disturbance frequencies
should be applied in guiding natural disturbance-based,
multi-cohort management (Seymour and Hunter 1999)
to ensure that multiple size-distribution forms are
maintained across the landscape.
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