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Abstract: Modeling of carbon dynamics at the landscape, regional, and continental scales is currently
limited by few empirical studies of biomass and carbon accumulation after some types of disturbances.
For temperate forests of North America, only three previous studies described biomass and carbon
accumulation after wind disturbances, and those were limited by either coarse temporal resolution of
the first several decades, or limited time span. Here, 25 years of aboveground biomass and carbon
accumulation following severe wind disturbance of an old-growth hemlock-northern hardwoods
forest of northwestern Pennsylvania are documented to characterize the temporal trends with fine
temporal resolution and extend into the third decade post-disturbance. Mature undisturbed forest at
the site supported roughly 296 Mg ha−1 live aboveground biomass and 148 Mg ha−1 of carbon. The
disturbance reduced the aboveground woody biomass to ~7 Mg ha−1 , and carbon to ~3.5 Mg ha−1 .
During regrowth, biomass and carbon accumulated slowly at first (e.g., 2–4 Mg ha−1 year−1 for
biomass and 1–2 Mg ha−1 year−1 for carbon), but at increasing rates up through approximately
17 years post-disturbance, after which accumulation slowed somewhat to roughly 3.4 Mg ha−1 year−1
of biomass and 1.7 Mg ha−1 year−1 of carbon. It appears that the rates reported here are similar to rates
observed after wind disturbance of other temperate forests, but slower than accumulation in some
tropical systems. Notably, in tropical forests, post-windthrow accumulation is often very rapid in the
first decade followed by decreases, while in the results reported here, there was slow accumulation in
the first several years that increased in the second decade and then subsequently slowed.
Keywords: biomass; carbon; severity; wind damage

1. Introduction
Forests of North America have recently been a carbon sink, with a net uptake of 217 Tg (teragrams)
carbon (C) per year [1]. This valuable C sink may change in the coming decades as forests transition
from middle to late successional stages [2], and if climate change alters disturbance regimes and
therefore forest stand age distributions [1,3]. Shorter intervals between disturbances would cause a
greater fraction of a forested landscape to be in early recovery, or equivalently, a greater fraction of
centennial or millennial time scales to be spent in the first decades after disturbance. Under such a
scenario, the rate of post-disturbance increase in net primary productivity (NPP) will strongly influence
short term C storage in the recovering forest.
In addition to temporal trends with stand age, the type of disturbance is likely to be a major
influence on C dynamics during recovery [4]. Although biomass and C accumulation, as well as NPP
and net ecosystem production, have been widely characterized after harvesting, insect outbreaks,
and fire [4–7], these quantities have seldom been reported for more than short time intervals after
wind disturbances. Unquestionably, an abundance of post-wind recovery research reports trends in
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species composition, density, and basal area over time [8,9], but few of those studies allow estimation
of C cycle components. Indeed, in a review by [5] for North American forests, the single integrated
C flux study discussed was in a Florida mangrove system [10–12]. Several authors have examined
contemporary or historical hurricane events to estimate the amount of C transferred from living
biomass to necromass [13–15], but have not addressed recovery dynamics. For North American
terrestrial forests, the reporting of temporal trends in biomass and C accumulation after wind
disturbance rests on two studies [16,17]. Available accumulation information is slightly better for
Central and South American tropical forests [18–22], and in Japan [23–25], while still very limited in
Europe [26]. A number of eddy covariance studies after wind disturbance in North America [10–12]
and Europe [27–31] report integrated C cycle components, such as net ecosystem productivity or net
ecosystem exchange, but do not present biomass or C accumulation.
Addressing such scarcity of the available data will contribute to improved modelling of the C
cycle in forests after disturbance. Empirical work, such as that reported here, can provide both inputs
to C cycle models, as well as tests of model predictions. Currently, modelling of the C cycle after wind
disturbance is limited by empirical field data [1,7,32]; extrapolating from pools and fluxes measured
after other types of disturbances is risky because the impact of various types of disturbances on C
transfer among pools and environmental change (in turn affecting flux rates) is distinct for each type
of disturbance.
Considering the above, the primary objective of this report is to present the aboveground woody
biomass and C accumulation across 25 years in a Pennsylvania hemlock-northern hardwood forest
following a catastrophic wind disturbance. Biomass and C accumulation rates are assumed to be
reliable surrogates for NPP. If true, then the biomass and C accumulation rates may further suggest
trends in the net ecosystem exchange, since a solid body of research indicates that heterotrophic
respiration does not greatly change during the first several decades of forest recovery [4,7].
2. Materials and Methods
2.1. Study Site
The study site is an old-growth, primary forest preserve (the Tionesta Scenic Area) within
Allegheny National Forest of northwestern Pennsylvania (41.663◦ N, 78.946◦ W). Dominant woody
vegetation at the time of disturbance was Fagus grandifolia Ehrh. (American beech) and Tsuga canadensis
L (Eastern hemlock), with smaller components of Acer saccharum Marshall (sugar maple), Betula
alleghaniensis Britton (yellow birch), Betula lenta L. (sweet birch), Prunus serotina Ehrh. (black cherry),
and Acer rubrum L (red maple). Soils of the Tionesta site are moderately well drained Cavode silt loams,
66–91 cm deep (soil descriptions based on the U.S. Soil Taxonomy); these are fine-loamy, mixed, mesic
Aquic Fragiudults. The site has a mean annual temperature of 6.8 ◦ C and mean annual precipitation of
1188 mm [33]. It was disturbed on 30 May 1985, by an exceptionally large F4-rated tornado (tornado
intensity prior to 2007 was ranked F0 (lowest intensity) to F5 (highest intensity)), which caused nearly
complete canopy destruction across a 700–900 m wide swath (Figure 1) [34]. A variety of aspects of tree
damage, vegetation dynamics, and recovery after the 1985 event have been reported elsewhere [34–40].
Historical information confirms the study area is a true primary, old-growth forest that had been
free of major disturbance for at least several centuries [33,41,42]. However, from the early 20th century
through to the early 2000s, it was subject to intense deer browsing, resulting in an understory woody
community of low density and dominated by Fagus grandifolia of vegetative origin (i.e., root sprouts or
suckers) and very sparse Acer rubrum and Tsuga canadensis [38,40,43].
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2.2. Methods
Methods
2.2.
2.2.1. Field Sampling
2.2.1. Field Sampling
The surviving (standing) pre-disturbance woody vegetation was sampled in 1986 using the
The surviving (standing) pre-disturbance woody vegetation was sampled in 1986 using the
point-centered quarter method. 141 points were distributed along three north-south oriented transects
point-centered quarter method. 141 points were distributed along three north-south oriented
that spanned the tornado damage swath (Figure 1); all points were within areas subjectively classified as
transects that spanned the tornado damage swath (Figure 1); all points were within areas subjectively
damaged. At each of these random points, the nearest live standing woody stem >5 cm dbh (diameter
classified as damaged. At each of these random points, the nearest live standing woody stem >5 cm
breast height, or 1.4 m) and within 6.0 m of the point was recorded in each of the four quadrants.
dbh (diameter breast height, or 1.4 m) and within 6.0 m of the point was recorded
in each of the four
Sampling of regeneration during the first 8 years was carried out in 0.5 m2 quadrats, arranged on
quadrants.
the same three north-south transects (Figure 1). The first and last few quadrats on 2each transect were in
Sampling of regeneration during the first 8 years was carried out in 0.5 m quadrats, arranged
intact forest, leaving 289 quadrats in the disturbed area; the results reported here will be based on these
on the same three north-south transects (Figure 1). The first and last few quadrats on each transect
289 quadrats. Spatial distribution of the quadrats was stratified random, with two quadrats positioned
were in intact forest, leaving 289 quadrats in the disturbed area; the results reported here will be
in a pair randomly within each 20 m segment of each transect. Quadrat numbering was based on the
based on these 289 quadrats. Spatial distribution of the quadrats was stratified random, with two
location relative to the north end of the transect as well as a designation of ‘north’ or ‘south’ within
quadrats positioned in a pair randomly within each 20 m segment of each transect. Quadrat
each pair, e.g., the first pair was 1N and 1S, the second pair was 2N and 2S, etc. Quadrats were
numbering was based on the location relative to the north end of the transect as well as a designation
sampled annually from 1987 to 1991, and in 1993, 1997, and 1999 in August; composition and other
of ‘north’ or ‘south’ within each pair, e.g., the first pair was 1N and 1S, the second pair was 2N and
community-level characteristics through 1991 were reported in [34]. During each sampling, all woody
2S, etc. Quadrats were sampled annually from 1987 to 1991, and in 1993, 1997, and 1999 in August;
stems were tagged, identified to species, and measured for height (some stems may have been of
composition and other community-level characteristics through 1991 were reported in [34]. During
vegetative origin; the term, ‘regeneration’, refers to small stems regardless of origin). Regeneration
each sampling, all woody stems were tagged, identified to species, and measured for height (some
stems >300 cm tall were measured for trunk diameter (cm) at 1.4 m (dbh).
stems may have been of vegetative origin; the term, ‘regeneration’, refers to small stems regardless
After 1999, regeneration stems had grown sufficiently large and had undergone competitive
of origin). Regeneration stems >300 cm tall2were measured for trunk diameter (cm) at 1.4 m (dbh).
thinning such that sampling in the 0.5 m quadrats was discontinued. Instead, in 2002, 58 larger
After 1999, regeneration stems had grown sufficiently large and had undergone competitive
thinning such that sampling in the 0.5 m2 quadrats was discontinued. Instead, in 2002, 58 larger
quadrats of 28.27 m2 (3 m radius) were sampled. These were superimposed over the north 0.5 m2
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quadrats of 28.27 m2 (3 m radius) were sampled. These were superimposed over the north 0.5 m2
quadrat of even-numbered quadrat pairs (e.g., quadrats 2N, 4N, etc.) along the center and west
transects described above. The same 3 m radius quadrats were sampled a final time in 2010; thus,
the 2002 and 2010 sampling was based on the same location, size, and number of quadrats, and since
the larger quadrats were superimposed over a subset of the smaller (original) quadrats, there was
substantial spatial overlap between the two sampling regimes. This represents a roughly 11-fold
increase in area sampled over the original 0.5 m2 quadrats, despite the reduced number. All woody
stems (regeneration or pre-disturbance survivors) >2 m tall and within the enlarged quadrat boundaries
were measured for dbh (trunk diameter at 1.4 m), and identified to species. In 2002, all sampled stems
were classified as regeneration or pre-disturbance survivors, but by 2010, this distinction was no
longer possible.
2.2.2. Estimation of Intact Forest Aboveground Biomass
Estimation of pre-disturbance aboveground biomass (AGB) was based on the adjacent Tionesta
Research Natural Area, which served as a reference site that was not disturbed by the tornado. This
nearby site had identical climate, soils, elevation, and management history, as well as very similar
species composition and size distributions; therefore, it was considered a suitable reference stand,
and used to estimate pre-disturbance biomass and carbon for the Tionesta Scenic Area impacted by
the 1985 tornado [33]. Complete inventory of 2.50 ha was carried out in the reference stand, including
the mapping of x, y coordinates, of all woody stems >5 cm dbh; this sampling was done in 1996
as part of the research reported in [39]. Tree dbh was converted to aboveground biomass with the
species-specific equations of [44] and per ha values were calculated (Table 1). Note that throughout
this paper, AGB refers to the biomass in woody, arborescent species; the herbaceous layer is sparse and
would contribute miniscule amounts to the total.
2.2.3. Estimation of Survivor Tree Biomass
Because of the extreme severity of wind damage, many point-centered quarter quadrants had
no stem within 6.0 m and were therefore recorded as blanks; Warde and Petranka’s [45] correction
factor was employed to avoid statistical biases in the calculation of the stem density. On this basis,
the total density of surviving trees >5 cm dbh was estimated as 63.4 stems ha−1 . The AGB of live
standing (survivor) stems was estimated as follows. The AGB was calculated for each of the observed
trees (n = 86) using observed dbh and species-specific allometric equations from [44]; the total AGB for
observed survivor trees was 9.643 Mg. The area sampled in the point-quarter sampling was 1.481 ha,
therefore, to convert to per-hectare AGB, the total AGB was multiplied by 0.737 (1.0/1.481), yielding
an AGB biomass estimate for survivors of 7.11 Mg ha−1 .
2.2.4. Estimation of Regeneration Biomass
For data from the small quadrats, the aboveground biomass was calculated for each seedling
>25 cm tall on the basis of its height, using equations developed from the harvesting of small stems
(~25–300 cm tall) of common species in Allegheny National Forest (A. Royo et al. unpublished data;
Table 1). For seedlings >300 cm tall, but <10 cm dbh, allometric equations from [46] were used to
calculate the aboveground biomass. The formulas from [44] were used to calculate the biomass of
any stems >10 cm dbh. Aboveground biomass was summed for the 0.5 m2 quadrats and multiplied
by 20,000 to obtain values per hectare. For data from 2002 and 2010, the aboveground biomass was
calculated based on stem diameter, using species-specific formulas from [46] for saplings (>300 cm tall,
but <10 cm dbh) and [44] for stems >10 cm diameter (Table 1). Totals per 3-m radius quadrat (28.27 m2 )
were multiplied by 353.7 to obtain values per hectare. Subsequently, for all totals, the aboveground
biomass was converted to carbon by multiplying by 0.5.
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Table 1. Equations used to estimate the aboveground biomass (AGB) from plant height or trunk
diameter at 1.4 m (dbh). Sources: A—A. Royo, unpublished data for Allegheny National Forest;
B—Fatemi et al. (2011); C—Jenkins et al. (2003). Separate equations not available for Acer pensylvanicum
or Tsuga canadensis in sizes categories, A or B; therefore, equations for Acer rubrum and Fagus grandifolia,
respectively, were substituted.
Species
A. Stems 25–300 cm tall

Form of Equation

a

b

R2

lnAGB = a + (b × ln(Height))

Acer pensylvanicum

−7.702

2.569

n.a.

Acer rubrum.

−6.509

2.135

0.768

Betula spp.

−9.105

2.646

0.821

Fagus grandifolia

−7.702

2.569

0.768

Prunus spp.

−8.569

2.498

0.839

Tsuga canadensis

−6.509

2.135

n.a.

B. Stems > 300 cm tall and
<10 cm dbh

log10AGB = a + (b × log10(dbh)

Acer pensylvanicum

2.342

2.155

n.a.

Acer rubrum

2.130

2.237

0.988

Betula spp.

2.260

2.513

0.972

Fagus grandifolia

2.342

2.155

0.959

Prunus spp.

1.833

2.597

0.872

Tsuga canadensis

2.130

2.237

n.a.

C. Stems ≥ 10 cm dbh

AGB = exp(a + b × ln(dbh))

Acer rubrum

−1.912

2.365

0.958

Acer saccharum

−2.013

2.434

0.988

Betula spp.

−1.912

2.365

0.958

Fagus grandifolia

−2.013

2.434

0.988

Prunus pensylvanicum

−2.480

2.483

0.980

Prunus serotina

−2.480

2.483

0.980

Tsuga canadensis

2.538

2.481

0.992

3. Results
Intact forest in the reference stand (Tionesta Research Natural Area) supported 296.2 Mg ha−1 of
biomass and 148.1 Mg ha−1 of carbon (Figure 2). Localized biomass reached exceptionally high values,
occasionally exceeding 1000 Mg ha−1 at the 100 m2 scale.
One year after the disturbance, surviving trees >5 cm dbh made up 7.11 Mg ha−1 of biomass and
3.55 Mg ha−1 of carbon, nearly half of which was Fagus grandifolia. Regeneration biomass increased
from 1.84 Mg ha−1 in 1987 (2 years post-disturbance) to 25.9 Mg ha−1 in 1993 (8 years post-disturbance);
it reached 70.3 Mg ha−1 in 1999 (analogous amounts for carbon are 0.92, 12.95, and 35.15 Mg ha−1 ;
Figure 2). Regeneration stems in the larger quadrats sampled in 2002 totaled 71.39 Mg ha−1 of biomass
and 35.7 Mg ha−1 of carbon. Regeneration and surviving stems together totaled 88.9 Mg ha−1 by
2002, and 116.5 Mg ha−1 by 2010, equivalent to 44.45 and 58.25 Mg ha−1 of carbon, respectively. The
difference between the total AGB and regeneration AGB in 2002 is the AGB of survivors, which was
17.5 Mg ha−1 , equivalent to 8.75 Mg ha−1 of carbon. Based on the AGB increasing from 7.1 Mg ha−1
immediately after the disturbance to 116.5 Mg ha−1 , or 39% of the intact forest in the 25th year after
disturbance, it is likely that biomass and carbon levels would reach one half of the intact forest levels
after an additional 7 years, or 32 years post-disturbance.
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Figure 2. Carbon accumulation across 25 years following catastrophic windthrow at the Tionesta Scenic
Figure 2. Carbon accumulation across 25 years following catastrophic windthrow at the Tionesta
Area, Pennsylvania.
Scenic Area, Pennsylvania.

The annual increment in aboveground biomass and carbon of necessity was calculated for both
The annual increment in aboveground biomass and carbon of necessity was calculated for both
single-year and multi-year time intervals. Nonetheless, annual increment clearly showed a slow
single-year and multi-year time intervals. Nonetheless, annual increment clearly showed a slow start,
start, rapid increase, and then gradual decrease after 20 years (Figure 3). Throughout the 25 years
rapid increase, and then gradual decrease after 20 years (Figure 3). Throughout the 25 years postpost-disturbance, the regeneration increment was 2.0 Mg ha−1 biomass and 1.0 Mg ha−1 carbon
disturbance, the regeneration increment was 2.0 Mg ha−1 biomass and 1.0 Mg ha−1 carbon in years 2
in years 2 to 3, but increased to 5.8 Mg ha−1 biomass and 2.9 Mg ha−1 carbon during years 6 to 8.
to 3, but increased to 5.8 Mg ha−1 biomass and 2.9 Mg ha−1 carbon during years 6 to 8. The highest
The highest regeneration increment in the study period was between years 8 and 15, when biomass
regeneration increment in the study period was between years 8 and 15, when biomass increased
increased more than 6.5 Mg ha−1 year−1 and carbon increased more than 3.2 Mg ha−1 year−1 . Based
more than 6.5 Mg ha−1 year−1 and carbon increased more than 3.2 Mg ha−1 year−1. Based on the survivor
on the survivor biomass of 7.11 Mg ha−1 in 1986 and 17.5 Mg ha−1 in 2002, survivors had added
biomass of 7.11 Mg ha−1 in 1986 and 17.5 Mg ha−1 in 2002, survivors had added 10.39 Mg ha−1 during
10.39 Mg ha−1 during 16 years, or 0.65 Mg ha−1 year−1 of biomass and 0.32 Mg ha−1 year−1 of carbon
16 years, or 0.65 Mg ha−1 year−1 of biomass and 0.32 Mg ha−1 year−1 of carbon (Figure 3). The abnormally
(Figure 3). The abnormally low biomass and carbon increment of regeneration between years 14 and
low biomass and carbon increment of regeneration between years 14 and 17 is very likely an artifact
17 is very likely an artifact of the regeneration stems becoming very large and sparse relative
to the
of the regeneration
stems becoming very large and sparse relative to the size of the 0.5 m2 survey
2
size of the 0.5 m survey quadrats by year 14 (1999) and after. The increasing stem size and numerous
quadrats by year 14 (1999) and after. The increasing stem size and numerous quadrats with no stems
quadrats with no stems would lead to potential overestimation of the biomass if especially robust
would lead to potential overestimation of the biomass if especially robust regeneration occurred in
regeneration occurred in those quadrats still retaining stems in year 14.
those quadrats still retaining stems in year 14.

Forests
Forests 2019,
2019, 10,
10,289
x FOR PEER REVIEW

of 14
77 of
13

Figure
Figure 3.
3. Annualized
Annualized aboveground
aboveground carbon
carbon increment
increment between
between sample
sample dates
dates following
following catastrophic
catastrophic
windthrow
at
the
Tionesta
Scenic
Area,
Pennsylvania.
Bars
are
positioned
at
windthrow at the Tionesta Scenic Area, Pennsylvania. Bars are positioned at the
the midpoints
midpoints of
of the
the
sampling
intervals;
e.g.,
the
combined
(regeneration
+
survivors)
bar
is
at
21
years
because
the
endpoints
sampling intervals; e.g., the combined (regeneration + survivors) bar is at 21 years because the
of
that period
wereperiod
17 andwere
25 years.
The
average annual
carbon
increment
of
endpoints
of that
17 and
25dotted
years.line
Therepresents
dotted linethe
represents
the average
annual
carbon
survivors
between
years
1
and
17.
increment of survivors between years 1 and 17.

4. Discussion
4. Discussion
The pre-disturbance old-growth forest at Tionesta supported a substantial amount of aboveground
The pre-disturbance old-growth forest at Tionesta supported a substantial amount of
biomass, comparing favorably to the upper-limit values from old-growth hemlock-white pine stands
aboveground biomass, comparing favorably to the upper-limit values from old-growth hemlockdescribed in [16,47,48]. Even higher values can be found in smaller plots (e.g., 10 m × 10 m [6]). The
white pine stands described in [16,47,48]. Even higher values can be found in smaller plots (e.g., 10
values more than 1000 Mg ha−1 observed for the undisturbed reference stand at Tionesta are among the
m × 10 m [6]). The values more than 1000 Mg ha−1 observed for the undisturbed reference stand at
highest reported for eastern North America. Other mature or primary hemlock-northern hardwoods
Tionesta are among the highest reported for eastern North America. Other mature or primary
forests in eastern North America have aboveground biomass levels ranging from 104 Mg ha−1 to
hemlock-northern hardwoods forests in eastern North America have aboveground biomass levels
569 Mg ha−1 [48].
ranging from 104 Mg ha−1 to 569 Mg ha−1 [48].
Research in both temperate and tropical forests after major wind disturbance has generally
Research in both temperate and tropical forests after major wind disturbance has generally
revealed less-severe damage than the reduction of aboveground biomass and carbon to roughly 2%
revealed less-severe damage than the reduction of aboveground biomass and carbon to roughly 2%
of pre-disturbance levels that occurred at Tionesta [8,9]. While wind disturbance events as severe as
of pre-disturbance levels that occurred at Tionesta [8,9]. While wind disturbance events as severe as
the catastrophic damage found at Tionesta do occur, they are rare [49–52] and the limited research
the catastrophic damage found at Tionesta do occur, they are rare [49–52] and the limited research
into such events has usually focused on community parameters and processes, such as species
into such events has usually focused on community parameters and processes, such as species
composition and succession [34,50,53,54]. Thus, only a few studies have documented immediate
composition and succession [34,50,53,54]. Thus, only a few studies have documented immediate postpost-blowdown biomass levels in temperate forests of North America. In a scrub-oak ecosystem
blowdown biomass levels in temperate forests of North America. In a scrub-oak ecosystem of Florida,
of Florida, Hurricane Frances caused extensive defoliation, but negligible stem damage [12] and
Hurricane Frances caused extensive defoliation, but negligible stem damage [12] and the authors
the authors reported no reduction in AGB. In Florida mangrove systems, Barr et al. [10,11] did not
reported no reduction in AGB. In Florida mangrove systems, Barr et al. [10,11] did not report a loss
report a loss of AGB, but found nearly 100% defoliation and up to 45% mortality of mangrove trees.
of AGB, but found nearly 100% defoliation and up to 45% mortality of mangrove trees. Bradford et
Bradford et al. [55] reported carbon stocks in undisturbed forests and disturbed stands 9 years after
al. [55] reported carbon stocks in undisturbed forests and disturbed stands 9 years after a strong
a strong derecho, but their data did not allow estimation of immediate post-disturbance biomass or
derecho, but their data did not allow estimation of immediate post-disturbance biomass or carbon
carbon stocks. Among four intermediate-severity blowdowns sampled in New York and Vermont [17],
stocks. Among four intermediate-severity blowdowns sampled in New York and Vermont [17],
aboveground live biomass in the year of disturbance or one year after ranged from 31.4 (20.4% of the
aboveground live biomass in the year of disturbance or one year after ranged from 31.4 (20.4% of the
reference stand biomass) to 121.0 (63.1% of the reference stand biomass) Mg ha−1 . Taking a broader
reference stand biomass) to 121.0 (63.1% of the reference stand biomass) Mg ha−1. Taking a broader
geographic perspective, several studies provide analogous information for other temperate forests.
geographic perspective, several studies provide analogous information for other temperate forests.
The storms, ‘Kyrill’ and ‘Paula’, in the Austrian Alps reduced aboveground biomass carbon to 74%
The storms, ‘Kyrill’ and ‘Paula’, in the Austrian Alps reduced aboveground biomass carbon to 74%
of pre-disturbance levels [26]. On Hokkaido Island, Japan, Typhoon Songda in 2004 caused a 28%
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of pre-disturbance levels [26]. On Hokkaido Island, Japan, Typhoon Songda in 2004 caused a 28%
reduction in biomass in a transitional birch-oak forest [24]. Elsewhere on Hokkaido Island, Japan,
in the only study reporting a damage severity similar to that documented here [23,25], a 97% loss
in AGB in a 45-year old Japanese larch plantation struck by the same typhoon was reported. The
subtropical broadleaf forest of Bisley watershed in Puerto Rico experienced a 50% reduction in standing
live biomass after Hurricane Hugo in 1989 [20,21]. Hurricane Jova in 2011 caused an 11% reduction
in AGB in a tropical dry forest of Mexico [19]. Another example of tropical dry forest was reported
in [56], who documented a 13.4% reduction in AGB following Cyclone Fanele’s impacts in Madagascar.
In tropical Central America, Mascaro et al. [21] described the forest biomass reduction by Hurricane
Joan (1988), averaging 76% across multiple large plots. Four years after wind damage in the central
Amazon, [18] found AGB stocks were 42% of the undisturbed forest levels in their high-severity plots
and 64% of the undisturbed forest levels in their low-severity plots. Consequently, it appears that the
present study exceeds the severity of most existing investigations into post-wind disturbance biomass
and carbon accumulation. Severity must be considered because of the potential impact of severity on
ecosystem dynamics during the recovery period. Several reviews [5,7,32] suggest that higher severity
results in a slower recovery of biomass and carbon stocks—this is likely due to both a lower initial
biomass starting point as well as slower accumulation rates during early recovery after severe events.
Importantly, the obvious greater removal of photosynthetic capacity in high severity events
may occur with heavy structural damage (e.g., the present study, [23,25]) or through defoliation with
minimal structural damage [12]. Indeed, Lugo [57] suggests that defoliation is the predominant type
of damage from hurricanes in tropical forests. Defoliation without structural damage may allow for
a much more rapid recovery of photosynthetic capacity than in cases with extensive breakage and
uprooting; Li et al. [12] found full recovery of CO2 assimilation and ecosystem respiration within a
year. Conversely, the mangrove system studied in [10,11] (with greater structural damage) exhibited
CO2 uptake rates below pre-disturbance rates four years after the hurricane. The present study
and [23,25] are at the opposite end of the spectrum from Li et al. [12]: The 97%–98% reduction in
AGB is almost entirely structural in both cases, and full recovery of AGB may take seven or more
decades. Moreover, the temporal trend during the first 25 years in the present study is that biomass
and carbon accumulation rates are initially slow, then increase through the middle of the second
decade, and subsequently slowly decrease (Figure 3). This pattern may be general for severe wind
disturbances that cause heavy structural damage, because the first several years post disturbance will
be required to reestablish an arboreal stand structure that can support leaf areas greater than unity.
Severe disturbances of other types, such as clearcuts or intense fires, may cause regeneration to
begin with standing biomass values that are extremely low or even near zero. For example, [58] report
that regeneration of southern Appalachian clearcuts began with <1.6 Mg ha−1 of live biomass. Such
situations would be analogous to high severity wind disturbances with heavy structural damage, since
simply regrowing leaves will not fully reestablish photosynthetic capacity.
Other types of disturbance (e.g., fire, harvesting, insect defoliation) may favor different
mechanisms of regeneration than those common after wind disturbances [8,9]. For example, following
harvesting, sprouts from the root collar may grow very quickly due to access to abundant resources
via a still-viable pre-cut root system [58,59]. This phenomenon implies that biomass accumulation in
clearcuts may be quite rapid, but examples from three eastern United States locations suggest that AGB
accumulation is not always rapid. Following clearcut in the Southern Appalachians, Elliott et al. [58]
examined biomass accumulation across three forest community types at the Coweeta Hydrologic
Laboratory in western North Carolina. These stands reached 81.7 Mg ha−1 (cove hardwoods),
96.9 Mg ha−1 (mesic mixed oak), and 85.4 Mg ha−1 (dry mixed oak) of aboveground biomass roughly
20 years after the clearcut; these amounts were 40.0%, 52.3%, and 67.1% of the pre-cutting AGB levels.
Such values for standing crop of aboveground biomass implies that (if a linear increase is assumed)
between 4.01 and 4.77 Mg ha−1 was added annually. In contrast, Shure et al. [60] found faster biomass
accumulation, where 2-hectare clearcuts in the southern Appalachians (also western North Carolina)
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added 4.0 Mg ha−1 year−1 in years 1–2, and that accumulation increased to 10.18 Mg ha−1 year−1
in years 12–17. At the well-known Hubbard Brook Experimental Forest in New Hampshire, where
ecosystem response to clearcutting has been extensively studied [61], aboveground biomass values
of 7.53 Mg ha−1 in year 5, 24.44 Mg ha−1 in year 11, and 52.0 Mg ha−1 in year 20 were identified.
These figures imply that the Hubbard Brook site added biomass at approximately 3.1 Mg ha−1 year−1
between years 11 and 20.
Accumulation rates documented here appear to be broadly similar to other reported rates
following natural disturbance in temperate forests, although rates in tropical systems may be higher
(Table 2). Indeed, the 3.4 Mg ha−1 year−1 for biomass and 1.7 Mg ha−1 year−1 found here during years
17–25 is in the upper one-third of the 31 eastern North American studies reviewed in [62]; those studies
followed a variety of types of disturbances. Regeneration in the simulated blowdown at Harvard
Forest in Massachusetts during years 4–24 averaged 4.7 Mg ha−1 year−1 for biomass (suggesting
roughly 2.25 Mg ha−1 year−1 for carbon), very similar to the value reported here (A. Plotkin, personal
communication; Table 2). D’Amato et al. [16] estimated AGB trends during 250 years of recovery of
central New England forests; visual estimates from their Figure 4c suggest an approximate rate of
AGB accumulation during years 51–71 of 1.75 Mg ha−1 year−1 . For cold temperate forest in Hokkaido,
Japan, a windthrow added biomass at a rate of 3.96 Mg ha−1 year−1 at 8 years post-disturbance [24].
Following Hurricane Patricia (2015), tropical dry forest in western Mexico recovered 1.83 Mg ha−1
year−1 of AGB during the 21 months immediately after disturbance [19]. The biomass increment of
regeneration between 4 and 8 years post-disturbance in a central Amazon study [18] varied widely
between 2.1 Mg ha−1 year−1 and 7.6 Mg ha−1 year−1 ; however, this trend was complicated by
substantial delayed mortality that caused biomass losses of up to 7 Mg ha−1 year−1 or more. These
authors further estimated that the biomass increment of regeneration would be lower at roughly
26 years post-disturbance than at roughly 4 years post-disturbance. The lowland tropical rainforest
in Nicaragua [21] accumulated biomass at rates between 4.85 and 7.01 Mg ha−1 year−1 (average
5.67 Mg ha−1 year−1 for biomass and 2.83 Mg ha−1 year−1 of carbon during the first post-hurricane
decade; this rate diminished to an average of 4.6 Mg ha−1 year−1 in years 10–12 (2.3 Mg ha−1 year−1
of carbon)). In Puerto Rico, after Hurricane Hugo, biomass accumulated very rapidly at first and
then at diminishing rates: 16.2 Mg ha−1 year−1 in years 0–5; 6.6 Mg ha−1 year−1 in years 5–10; and
1.2 Mg ha−1 year−1 in years 10–15 [22] (Table 2). Since the latter two sites are subtropical or tropical
wet forest, more rapid initial accumulation is perhaps to be expected, although the broad temporal
trend (high rates initially that diminish after the first decade) is opposite to the trend reported here.
Thus, biomass and carbon accumulation rates at Tionesta were similar to rates in other temperate
forests after wind disturbance, and slightly less than the midpoint of the range of accumulation rates
reported from tropical systems.
Table 2. Aboveground biomass increment of forests after various disturbance.
Location

Forest Type

Disturbance
Type

Hokkaido, Japan

Temperate
broadleaf

Windthrow

Hokkaido, Japan

Temperate
coniferous

Austria

Years
Post-Disturbance

AGBI *

Citation

2
8

1.84
3.96

1

Windthrow

2–5
5–7
7–10

0.43
0.98
−0.02

2

Temperate
coniferous

Windthrow +
bark beetles

1–4

4.62

3

Massachusetts,
USA

Temperate
broadleaf

Simulated
windthrow

4–24

4.7

4

New Hampshire,
USA

Temperate mixed
conifer-broadleaf

Windthrow

51–71

1.75 **

5
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Table 2. Cont.
Location

Forest Type

Disturbance
Type

Years
Post-Disturbance

AGBI *

Citation

2
3
3.5
3.8
5.8
7.8
6.6
0.4
3.4

This
study

Pennsylvania, USA

Temperate
broadleaf

Windthrow

2–3
3–4
4–5
5–6
6–8
8–12
12–14
14–17
17–25

Puerto Rico, USA

Subtropical
broadleaf

Windthrow

0–5
5–10
10–15

16.2
6.6
1.2

6

Central Amazon,
Brazil

Tropical broadleaf

Windthrow

4–8

2.1–7.6

7

Nicaragua

Tropical broadleaf

Windthrow

1–10
10–12

5.67
4.6

8

Mexico

Tropical dry

Windthrow

0–2

1.83

9

ha−1

year−1 ,

* Mg
1 = Yamanoi et al. 2015; 2 = Yazaki et al. 2016; 3 = Kobler et al. 2015; 4 = Plotkin, pers. Comm.;
5 = D’Amato et al. 2017; 6 = Scalley et al. 2010; 7 = Magnabosco Marra et al. 2018; 8 = Mascaro et al. 2005; 9 = Parker
et al. 2018; ** Estimated by visual inspection of Figure 4c in D’Amato et al. 2017.

5. Conclusions
Several generalizations may be tentatively suggested from this work and from a comparison
with previous findings. First, several post-windthrow accumulation studies in temperate forests
exhibited rates of 3–5 Mg ha−1 year−1 for biomass and 1.5–2.5 Mg ha−1 year−1 for carbon; in lieu of
detailed site and species information, such rates may be suitable as model inputs when simulating
post-windthrow carbon dynamics of temperate forests. Second, the severity and type of damage
appears to strongly influence temporal biomass and C accumulation patterns. Wind disturbance that
causes only defoliation with limited structural damage will result in the least biomass reduction and
the fastest recovery [12]. Disturbance that causes structural damage yet leaves most trunks standing
can preclude new seedlings’ establishment or the release of advance regeneration. In those cases,
regeneration derives from the resprouting of pre-disturbance canopy trees, and accumulation rates
will be slow if the pre-disturbance canopy was dominated by slow-growing species [11,12,21]. More
extreme structural damage that leaves few canopy trees will release advanced regeneration or prompt
seedling recruitment from seeds, or both. Of these latter two regeneration mechanisms, the release of
advanced regeneration is likely to accumulate biomass and C more quickly in post-disturbance years
1–5 (e.g., [59]) than the establishment from seeds; however, after just a few years, newly established
seedlings that are pioneer species may grow very rapidly, contributing to a slow start, but then very
rapid accumulation in the period of 5–15 years after disturbance (e.g., this study and [5]). Third,
biomass and C accumulation rates after temperate forest wind disturbance may be broadly similar
to those after clear-cutting (this study compared to [58,60,61]. Notably, [58] suggest that the slower
accumulation (relative to other clearcut studies, [58,60]) at the well-known Hubbard Brook site in New
Hampshire [61] may have been in part because the chemical suppression of regeneration for three
years immediately after clearcutting likely killed sprouts from roots and cut stumps. Such a treatment
would cause the initial regeneration at Hubbard Brook to be dominated by new recruits from seeds,
perhaps slowing recovery in comparison to sites where sprouting could facilitate faster growth in
years 1–5. If so, this comparison among post-clearcut studies is consistent with the suggestion that
regeneration after wind disturbance will be faster in the first few years if sprouting is a dominant
process [59].
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