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Abstract: Forests play a key role in the global carbon cycle, and programs aimed at
mitigating greenhouse gas emissions through the protection and enhancement of forest
carbon stocks are growing in number. Adding greenhouse gas mitigation as a management
objective presents managers with a considerable challenge, because data and guidelines are
scarce. Long-term inventory datasets have the potential to serve as a useful resource,
providing data on carbon accumulation over time, as well as offering insight on strategies
for managing forests for the objective of climate mitigation in the face of changing climate
and disturbance regimes. We present long-term estimates of carbon accumulation developed
from biometric measurements from two northern hardwood forests in the northeastern
USA. The Bartlett Experimental Forest in central New Hampshire, USA, stored an estimated
net average annual 0.53 tC/ha/yr between 1932-2001, for an increase of 50% in carbon
stock per unit area; there were significant differences in accrual rates between age classes
(38% for old unmanaged stands and 78% for younger unmanaged stands). The Kane
Experimental Forest in northwestern Pennsylvania, USA, exhibited a 140% increase in
carbon stored per unit area between 1932 and 2006, with an average annual accumulation
rate of 0.89 tC/ha/yr. While both forests have experienced management activity and natural
disturbances and differ in species composition, the average age of the forests is an important
factor driving the differences in net accumulation rates.
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1. Introduction

The role of forests in the global carbon cycle continues to gain increased attention in the scientific
and policy communities. A number of recent reports [1-3] present estimates of forest carbon
stocks from various regions around the world, and entities ranging from private corporations to
non-governmental organizations are implementing projects designed to mitigate greenhouse gas
emissions by protecting and enhancing forest carbon stocks (for a searchable database of planned and
active projects, see the Forest Carbon Portal [4]). The importance of forests as a climate mitigation tool is
highlighted by the REDD+ Programme of the United Nations (Reducing Emissions from Deforestation
and Forest Degradation [5]).

The future mitigation potential of forests is not well characterized: forest carbon stock is a result of
a number of factors such as weather variability, site conditions, successional processes, and natural and
anthropogenic disturbances. Projections based on growth and yield models necessarily include the
assumption that future growth will be similar to past growth, a premise that may not be warranted in
the face of potential climate change and multiple stressors [6]. Much insight has been gained through
the use of process-based forest simulators, but these models may not accurately reflect the myriad
interactions between factors that influence forest growth, or account for possible alterations of ecosystem
processes from increasing carbon dioxide concentrations and the effects of climate change. Recent
work, however, has begun to explore the effects on the magnitude and direction of forest carbon stock
changes under scenarios representing a variety of possible future conditions [7].

Long-term measurement records, where available, provide data on forest carbon accumulation over
time and may help managers assess the climate mitigation potential of their lands, devise management
strategies to maintain or increase that potential, and suggest tactics for management geared toward
adaptation to climate change. While forest dynamics have been well studied, such research has often
been geared toward characterizing stand development and successional changes and often relies
heavily on chronosequence designs. Examples of long-term experiments where the original inventory
plots have been re-surveyed are few and often do not include estimates of biomass or volume, though
detailed information on successional processes is included [8-10]. A notable exception is Spetich and
Parker [11], who report changes in biomass in an old-growth deciduous forest over six decades based
on data from repeated measurements of permanent sample plots. At a national level, relatively
long-term estimates of forest carbon accumulation have been constructed using a combination of
national forest inventory data and models. However, sampling designs in the surveys may have been
altered over time or portions of the inventory may be the result mostly of modeling based on initial
conditions calculated from current data, complicating the ability to draw inferences at finer
scales [12-15]. However, the results have proven useful for national planning and reporting purposes and
the detection of regional trends.

The USDA Forest Service maintains a network of Experimental Forests and Ranges [16]. Many of
these areas are the site of long-term research, testing a variety of management practices, and locations
were chosen to represent important forest types in each region. We examined the available records, and
chose those forests which had a long history of measurements on a systematic grid, and which were
comparable. This study utilizes data from two forests meeting these criteria in the northeastern USA:
the Bartlett Experimental Forest (BEF) in central New Hampshire, and the Kane Experimental Forest
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(KEF) in northwestern Pennsylvania (Figure 1). These forests present the opportunity for a detailed
examination of the response of forests to the extensive harvesting that occurred at the turn of the 20th
century across the landscape of the northeastern USA. The objectives of this study are to: (1) develop
empirically based estimates of aboveground biomass carbon stocks and long-term accumulation rates;
and (2) explore the data for patterns and trends that can provide insight on managing northern
hardwoods with climate mitigation added to the list of more traditional management objectives.

Figure 1. Map showing locations of the study sites.
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2. Experimental Section

The Bartlett Experimental Forest (BEF) is located in the White Mountains of central New
Hampshire, USA. BEF was established in 1931, and was chosen because it represented the “typical”
northern hardwood conditions found in the New England region. The northern hardwood type
currently covers 13.6 million hectares in the northeastern USA, with 914 million metric tons of carbon
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in aboveground live trees, about 38% of the aboveground live tree carbon in the northeast
(CarbonOnLine Estimator, [17]). While many of the stands are northern hardwoods, mixed
hardwood/softwood stands are present, as are hemlock-dominated softwood stands. Basic site details
are given in Table 1. At the time of the first available measurements, BEF was 1052 ha; the forest has
since been expanded in area to meet ongoing research needs. In years 1931-1932 a systematic grid of
square inventory plots, generally 0.1 ha in size and intended to be permanent, was established and all
stems >3.8 cm diameter at breast height (d.b.h.) were tallied by species. Individual stems were not
marked and numbered. The plots were re-measured in 1932, 1991, and 2002. In this study, data from
424 of the 444 available plots were used; this is the subset of plots that were measured in both 1932
and 2002 (and represents a systematic sample; scattered plots were not re-measured in 2002 for
operational reasons). Of these plots, 46% were in stands that had not been subjected to widespread
harvesting (though some selective cutting did occur) by the time BEF was established, and were
considered to be all-aged primary forests. The remainder of the plots were located in stands that had
been harvested in the 1890’s, and were largely even-aged and approximately 40 years old at the time
the inventory plots were installed. Over the years, about 55% of the BEF area has had various
silvicultural treatments applied ranging from single tree selection and thinning to group selection and
clearcuts, as designed research activities. About 45% of the forest area has received no treatment since
the Forest was established. Major natural disturbance events include a hurricane in 1938 and a
widespread outbreak of beech bark disease in the 1940°s.

Table 1. Site and plot characteristics of the Bartlett and Kane Experimental Forests.

Bartlett Experimental Forest Kane Experimental Forest
Location Carroll County, NH Elk County, PA
Coordinates 44°2°39” N; 71°9°56” W 41°35°52” N, 78°45°58” W
Date established 1932 1932
Forest type Northern hardwood Allegheny hardwood
Area (at time of establishment) 1052 ha 703 ha
Average annual temperature 6.9 °C 6.1 °C
Average annual precipitation 1270 mm 1140 mm
Elevation 207-914 m 549-640 m
Soil orders Spodosols Inceptisols, Ultisols
Site index (50 years) Acer saccharum; 19.8 m (65 ft) Prunus serotina; 22.8 m (75 ft)
Inventory design Systematic; 0.1 ha square plots Systematic; 0.04 ha square plots
Natural disturbance history 1938 hurricane; 1940’s beech bark Ice storms: 1936, 1950; wind event
disease 2003

The Kane Experimental Forest (KEF) is located in northwestern Pennsylvania, USA, on the
Allegheny Plateau. KEF was established in 1932, and represents the Allegheny hardwood forest, a
subtype of northern hardwoods where >25% of basal area is Prunus serotina; Acer rubrum and Acer
saccharum also predominate. This forest type has high economic value to the region and produces
some of the highest quality black cherry veneer in the world. Basic site characteristics are provided in
Table 1 and approximate geographic locations are shown in Figure 1. At the time of the first
measurements used in this study, KEF was 703 ha in size and has since been expanded to meet
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research needs. In 1932 a systematic grid of 0.04 ha square inventory plots was established. Although
internal documents indicate the intent was to cover the entire forest with the grid, original data sheets
and maps from the 1940’s clearly indicate that only the eastern, more disturbed half of the forest was
inventoried in 1932 (approximately 57% of the area). All stems >10 cm d.b.h. were tallied by species
on the 0.04 ha plot; stems 2.5-10 cm d.b.h. were tallied by species on a 2 m wide strip within the main
plot. In 2006 the original permanent inventory plots were re-located and the grid was expanded to
cover the entire forest. All stems >2.5 cm d.b.h. were tallied by species, though individual trees were
not tagged and marked. Only data from the 75 plots that were tallied in both 1932 and 2006 are used in
this study; these correspond to the eastern portion of KEF. At the time that KEF was established, this
portion of the forest had been subjected to extensive harvesting, including removals for “chemical
wood.” Industries in the area included sawmills as well as tanneries and distillation plants that
produced acetic acid and other chemicals from wood. This resulted in areas with near complete
removals of most species and diameter classes, because stands were cut for sawtimber, hemlock bark,
and distillation feedstock. Records reveal some scattered larger stems, but the majority of the plots
were roughly 5-25 years old at the time KEF was established. Since establishment, much of KEF has
had treatments applied as part of research studies, varying in intensity from thinning to group selection
to clearcutting. Significant natural disturbances include ice storms in 1936 and 1950 and a severe wind
event in 2003, as well as long-term moderate to severe grazing pressures from a large population of
white-tailed deer. For a detailed history of the Allegheny hardwood forest, see Marquis [18].

For each forest, only data from plots that were measured during the initial tally and the most recent
tally were used for computations; records for both forests were kept by plot number, so the exact plots
could be matched over time. Biomass was calculated from the inventory records using the generalized
biomass equations of Jenkins et al. [19]; these national equations result in consistent estimates across
sites, because the same equations are used regardless of geographic region. Biomass was converted to
carbon by multiplying by 0.5. Although the equations could provide biomass estimates in coarse roots,
this study focuses on only aboveground live tree carbon due to the greater uncertainty and coarser
species resolution in the root equations.

3. Results and Discussion

These two study forests were in very different conditions in 1932, at the time they were designated
as Experimental Forests. While widespread harvesting was common in both Pennsylvania and New
Hampshire, and indeed throughout the eastern USA, the presence of a chemical wood industry in
Pennsylvania resulted in a much more complete harvest where small diameter stems were removed.
Additionally, intensive harvesting continued somewhat later in time on the Allegheny Plateau than in
the White Mountains. Photographs and inventory data reveal that the portion of the KEF for which we
have early records was comprised largely of small stems typical of young stands; in 1932 71% of the
carbon in aboveground live biomass was contained in stems 2.5-30.2 cm (1-12 in.) d.b.h. (Table 2).
For BEF this d.b.h. range represents 52% of aboveground live tree carbon, reflecting the different
condition of this forest, which retained many older stands in 1932 and where intensive harvesting
ended earlier. Over the seventy years since initial measurements, the forests have developed in a
manner that reflects initial conditions, disturbance history, and site quality. The proportion of carbon in
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small stems (2.5-9.9 cm d.b.h.) has dropped from 18 to 4% at KEF and 8 to 4% BEF, while the
proportion in the largest stems (over 45.7 cm d.b.h.) has increased from 6 to 47% at KEF and 13 to
24% at BEF (Table 2). The smaller proportion of carbon in large diameter stems at BEF may be the
result of site quality; site index is lower at BEF and topography is generally more rugged.

Table 2. Distribution of carbon on inventory plots by diameter range. Diameter ranges

correspond to classes: seedling/sapling, poletimber, small sawtimber, and large sawtimber.

Bartlett Experimental Forest Kane Experimental Forest
1932 2002 1932 2006
2.5-9.9 ecm (1-3.9 inches) 8% 4% 18% 4%
10-30.2 cm (4-11.9 inches) 44% 30% 53% 19%
30.3-45.7 cm (12-18 inches) 35% 42% 24% 30%
>45.7 cm (>18 inches) 13% 24% 6% 47%

The distribution of carbon across species has also changed over time, reflecting successional
processes and disturbance regimes. Notable changes at KEF, as shown in Table 3, include a doubling
of the proportion of carbon in red maple (Acer rubrum) and a 50% reduction in the proportion in sugar
maple (Acer saccharum). Sugar maple decline is a concern on the Allegheny Plateau, and several
drought years led to increased mortality of this species [20]. At BEF, the proportion of carbon in early
successional species also declined (Table 3), while that of Eastern hemlock (7suga canadensis)
increased. Despite outbreaks of beech bark disease in the 1940’s, the proportion of carbon in American

beech (Fagus grandifolia) biomass does not show a large decrease, dropping from 33 to 29%.

Table 3. Top ten species contributing to aboveground live tree carbon on inventory plots.

Bartlett Experimental Forest Kane Experimental Forest

1932 2002 1932 2006
Fagus grandifolia 33% 29% Prunus serotina 27% 32%
Betula alleghaniensis 16% 8% Acer rubrum 14% 28%
Acer saccharum 12% 11% Acer saccharum 14% 7%
Acer rubrum 12% 17% Fagus grandifolia 13% 12%
Betula papyrifera 9% 4% Tsuga canadensis 11% 14%
Tsuga canadensis 7% 18% Betula lenta, B. 19% 5%

alleghaniensis '
Picea rubens 5% 6% Prunus pensylvanica 0.7% 0.3%
Fraxinus americana 2% 3% Liriodendron tulipifera 0.6% 1.3%
Populus tremuloides 1.5% Magnolia acuminata 0.4% 0.4%
Abies balsamea 0.8% Acer pensylvanicum 0.2%
Pinus strobus 1.7%
Acer pensylvanicum 0.7%
98.3% 98.4% 99.7%  99.9% °

' B. lenta and B. alleghaniensis were tallied separately in 1932, but the two species were not differentiated in

the 2006 inventory, and so have been combined for both years; > Totals may not sum exactly due to rounding.

Recent investigations at BEF based on the data set used here have demonstrated similar patterns,
and concluded that changes in species composition at BEF reflect successional processes rather than a
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response to natural or anthropogenic disturbances, including management treatments [21,22]. It is also
worth noting that over the roughly 70-year period the number of species listed in the inventory records
decreased slightly for both forests, with white ash (Fraxinus americana) no longer recorded on
measurement plots at KEF, and gray birch and black ash (Betula populifolia and Fraxinus nigra)
lacking in the most recent plot tallies from BEF.

As expected from the initial characteristics of each forest, KEF and BEF had different carbon
densities (carbon per ha) at the time of establishment and have exhibited different rates of carbon
accumulation, although both forests have similar carbon densities at present (Table 4). KEF had a net
gain of 65 tC/ha during the period from 1932-2006, for an increase of 140% and a rate of average
annual change of 0.89 tC/ha/yr. From 1932-2002 BEF showed a net gain of 38 tC/ha, or about a 50%
increase and an average annual change of 0.53 tC/ha/yr. These values include all plots that were tallied
at both points in time; plots were not separated into groups based on age or treatment history. As
shown in Table 2, these two forests represented different stages of development, and the differences in
carbon accumulation rates are likely the consequence of the predominance of younger age classes at
KEF, as well as differences in site quality. Since BEF was comprised of stands that were primary
forest (that is, predominantly undisturbed) as well as stands that were in the early phase of the
understory re-initiation stage of development at the time of the first measurements, we can use maps
and other records to group inventory records and further explore the influence of stand age on
aboveground live carbon stocks and stock change rates. In 1932, the old stands at BEF had a mean
carbon density of 88 tC/ha, while the young (~40 years old at time of initial measurement) stands
contained about 67 tC/ha (Table 4). Comparing rates of average annual change, the young stands
accumulated 0.74 tC/ha/yr, a value closer to that shown at KEF, while the old stands added
0.28 tC/ha/yr. The continued accumulation of carbon in the older stands studied here is consistent with
the results of Lichstein et al. [23] who found that in the absence of major disturbance aboveground
biomass in forests generally stabilized or increased during the later stages of stand development.

Table 4. Mean carbon density (tC/ha) in aboveground live tree biomass. Standard error of
the mean is in parentheses; number of plots is in second row. Old stands were primary forest
at time of the first measurements; young stands were approximately 40 years old on average.

Bartlett Experimental Forest Kane Experimental Forest

1932 2002 1932 2006
Overall 77 (1.3) 114 (1.6) 46 (1.7) 111 (5.5)

424 424 75 75
Old stands (in 1932) 88 (1.5) 107 (2.5)

197 197
Young stands (in 1932) 67 (1.8) 119 (2)

227 227

At both experimental forests a number of management treatments of varying intensity were applied
to numerous stands. At BEF, we can remove the influence of past management actions by calculating
carbon stocks for young and old stands that have not received any silvicultural treatments. Figure 2
shows the rates of average annual carbon accumulation for the BEF inventory plots that were old
growth or young in 1932, as well as the rates for old plots and young plots that have been untreated
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since 1932. The difference in rates of carbon accumulation between old and young untreated plots,
while not as large as the overall difference between young and old plots, is still significant (p < 0.0001,
Mann-Whitney test), suggesting that stand age is a key factor in carbon accumulation. Unmanaged
plots that were old in 1932 had a 38% increase in carbon stocks over 70 years, while young untreated
plots increased by 78%. Using the 1991 data we can compare rates from 1991-2001 for the untreated
areas; younger plots increased carbon stocks by 5.5% while older plots had a 1% increase for the same
time period. While there are mixed results in the literature on the role of older forests as active carbon
sinks, this study is not intended to specifically address that question. However, these results indicate
that the primary forest stands at BEF have continued to accumulate carbon over time.

Figure 2. Rates of net average annual carbon accumulation (tC/ha/yr) from 1932-2006 for
KEF and 1932-2002 for BEF (error bars indicate standard error of the mean). KEF: all
plots on the Kane Experimental Forest. BEF: all plots on the Bartlett Experimental Forest.
BEF Old: plots that were old in 1932. BEF Old UT: plots that were old in 1932 and were
untreated. BEF Young: plots that were ~40 years old in 1932. BEF Young UT: plots that
were ~40 years old in 1932 and were untreated.
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The average annual rates of carbon accumulation shown in Figure 2 are lower than shorter-term
estimates for northern hardwood types, e.g., Barford et al. [24]. There are often differences between
long and short-term measurements, since inventory-based approaches yield estimates of net carbon
accumulation, which over long time periods reflect all of the disturbances and climatic variability that
have occurred. While Barford et al. [24] report a carbon accumulation rate of 1.6 t/ha/yr for a northern
hardwood forest in Massachusetts based on biometric measurements over an eight year period, Spetich
and Parker [11] found that an oak-hickory forest in Indiana stored carbon at an average rate of
0.4 t/ha/yr over 60 years and Johnson and Strimbeck [25] report an average carbon accumulation rate
of 0.89 t/ha/yr over 33 years in northern hardwood stands in Vermont. These results illustrate that both
short and long-term studies are necessary to develop the clear understanding of forest carbon dynamics
necessary to manage these sinks to their full potential.



Forests 2011, 2 738

4. Conclusions

The long-term data presented here are site-specific illustrations of the phenomenon of recovery
from widespread intensive harvesting that characterizes the larger landscape of the region. Both forests
have demonstrated a significant net increase in live aboveground biomass carbon over the past seventy
years, with a 140% increase in carbon per area at KEF and a 50% increase at BEF. These results
parallel those shown at the regional and national scales; forests are a major carbon sink in North
America, with estimates for 2008 showing that forest ecosystems in the conterminous USA sequestered
carbon at a rate of 191.8 million metric tons per year [26]. This figure is even larger if carbon in
harvested wood products is included. The strength of the sink is due to increases in carbon density per
unit area as forests mature, as well as gains in the amount of forestland converted from prior land uses;
in the northeastern USA forestland has increased by 43% between 1907-1997 [27].

While both forests have experienced management activity and natural disturbances and differ
in species composition, the average age of the forests at the time of the first measurements is an
important factor driving the differences in net accumulation rates. The study sites demonstrate typical
patterns of forest development, with an increasing proportion of biomass in the larger diameter classes
over time. This basic pattern of forest dynamics, shown here at a local level, mirrors the larger picture
present across the landscape. With a high proportion of larger stems, older stands represent a
considerable standing stock of sequestered carbon while young fast-growing stands have a high rate of
carbon accumulation but low stocks. The current state of the forest carbon sink in the northeast USA
reflects these development processes and the legacy of prior land use. As forests across the region
transition out of the recovery phase, managers and policymakers face considerable challenges in
addressing the objective of managing for greenhouse gas mitigation in a landscape where forest carbon
stocks are high but rates of change are slowing.
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