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ABSTRACT
We compared long-term C sequestration in the pools of aboveground portions of live trees,
dead wood, and harvested wood products among highly contrasting forest management
scenarios on a rotation (30-100 years) and 100-year basis. Average annual net change in C
(AAC) and the cumulative sum of net changes in C were calculated using 65 years of data
from permanent plots representing contrasting approaches to managing mixed-species
stands dominated by shade-tolerant coniferous species on the Penobscot Experimental
Forest in Maine, USA. Simulations of tree growth and mortality were used to estimate C
pools to 100 years. On a rotation basis and for all pools combined, scenarios with selection
cutting had greater AAC than those with shelterwood cutting followed by thinning or with
diameter-limit cutting (p< 0.05). For combined pools, the cumulative sum of net changes in
C for the unmanaged, selection, and guiding diameter-limit stands was positive for most of
the study period. Our results suggest that strategies that maintain overstory stocking levels
necessary to regenerate desired species and promote the development of sawlog-sized trees
can enhance long-term C sequestration in mixed-species, naturally regenerated northern
temperate forests.
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Introduction

The future status of terrestrial C, especially with
regard to forests, is coming under increasing focus
as it relates to the global C cycle and climate
change. Although forests can actively sequester C
from the atmosphere, they also present a risk of C
emission through degradation, land-use conver-
sion, or other disturbance events such as wildfire
[1, 2]. Refining our understanding of forest C tra-
jectories, especially in the context of various
approaches to management (e.g. silvicultural and/
or land-use strategies), will be paramount to
objectively identifying pathways to mitigating
increasing atmospheric CO2 [3, 4]. Beyond policy
concerns, using silvicultural strategies to mitigate
increases in atmospheric CO2 is also an important
objective of many forest landowners and is being
embraced by multiple ownerships across spatial
and governance scales (e.g. towns to states).
Managing forests to sequester C from the atmos-
phere offers a level of synergy as C management

can concomitantly provide additional ecosystem
services such as biodiversity maintenance and
habitat provision [5, 6].

There are a number of forests with no recent
timber harvesting (e.g. old-growth and/or reserved
forest land) that store vast amounts of C with
expectations of continued C sequestration due to
healthy stand structures and/or species composi-
tions, or even their protected status [7–9]. Perhaps
equally important, numerous privately owned for-
ests, degraded forests, and/or forests lacking opti-
mal structures and/or species compositions for
future net C sequestration may benefit from silvi-
cultural activities that enhance C sequestration
rates at times in concert with production of har-
vested wood products with long residence times
[10]. Given the losses of early seral forests and
habitat associated with strategies to maximize for-
est C stocks (i.e. undisturbed and/or unmanaged
forests), understanding the C balance consequen-
ces of various forest management strategies
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geared toward rehabilitating degraded forests
and/or improving delivery of ecosystem services in
forests (water, wildlife, or forest products) in the
face of global change will be vital [11–13].
Unfortunately, there are relatively few studies com-
paring silvicultural strategies for sequestering C
that are based on long-term empirical data, par-
ticularly in naturally regenerated, mixed-species
forests. Identifying the types of strategies that can
be used to sequester the most net C over various
time scales is needed to inform policy and man-
agement actions, especially given the role of for-
ests in the global C cycle.

Disturbance, species composition, and site qual-
ity influence C stocks and rates of C sequestration
over time [9]. Timber harvesting reduces live tree
C stocks through transfer of C to harvested wood
products or dead wood pools, but can increase the
C sequestration rate of the forest through the
establishment and growth of new cohorts of trees
and growth on residual trees. Residual trees in
lower canopy positions that are free of disease or
damage and able to respond to release have the
potential to sequester additional amounts of C.
When regenerating stands, retaining some upper
canopy trees of species that are fast-growing and
windfirm as reserve trees could also contribute to
stand-level C sequestration rates [9, 14]. Natural
disturbances and timber harvesting also result in
transfers of C from the live tree pool to other ter-
restrial pools and the atmosphere (i.e. decay or
combustion) with the frequency and severity of
these disturbances influencing the magnitude of
transfers over time [15, 16]. Silvicultural strategies
that promote large-sized trees have been shown
to increase combined forest and product C stocks
partially because products derived from sawlog-
sized trees are retained over long periods of time
[17, 18]. Finally, while there can be greater C
sequestration on highly productive sites, species
composition and disturbance events also influence
C trajectories [9].

While knowledge about differences in C stocks
among forest management scenarios at any one
point in time is informative [17–19], knowledge
about rates of C sequestration are often equally or
more meaningful for informing policy and plan-
ning decisions. For example, policy makers inter-
ested in mitigating climate change often require
information on the amount of C that can be accu-
mulated in forests over various timeframes – usu-
ally on the order of decades. Most studies of C
sequestration use data from even-aged stands

containing relatively few species [10, 20, 21]. In a
study by Bradford and Kastendick [21], young (<
60 years old), unmanaged red pine (Pinus resinosa
Aiton) and aspen (Populus spp.) stands of clearcut
origin had higher rates of forest C sequestration
than older stands with similar species and stand
histories. For a southern Appalachian red spruce
(Picea rubens Sarg.) - Fraser fir (Abies fraseri Pursh.)
forest, Moore et al. [10] found that even-aged and
uneven-aged silvicultural scenarios maintained
positive values of average annual change in above-
ground C sequestration over a 100-year period.

Additional studies of C sequestration that
include naturally regenerated stands with diverse
species mixtures and high structural diversity are
also needed to inform policy and planning deci-
sions. Forest management alternatives such as the
guiding diameter-limit approach, which is best
known for its use in pine stands of the southern
USA [22–24], could also be evaluated for effective-
ness in meeting C objectives in other regions. The
guiding diameter-limit approach allows some
long-lived species to reach sawlog size and offers
landowners the flexibility of cutting trees below
diameter limits if trees are expected to die, and
retaining trees above diameter limits to protect
the stand from winds and to retain seed sources
[25].The cumulative sum of net changes in C stocks
has also proven useful for visually depicting trends
in C accumulation or loss over time and could fur-
ther aid in decision-making processes [26].

In the northeastern USA, there have been sev-
eral studies using simulations of tree growth to
calculate C stocks over time. Schwenk et al. [6]
found that silvicultural approaches with less fre-
quent harvesting and greater structural retention
had the greatest mean aboveground live tree C
stocks over a 100-year period. Their simulation
study of C stocks in northern hardwood stands in
Vermont included four prescriptions: clearcut, shel-
terwood, single-tree selection, and no manage-
ment. In a similar study by Carpentier et al. [5],
intensive forest management resulted in a weak
multi-criteria decision analysis (MCDA) utility value
for C storage in aboveground live trees and dead
wood compared to a no management scenario.
The C storage value for an ecosystem manage-
ment scenario was similar to both the no manage-
ment and intensive management scenarios. These
70-year simulation results were the same for north-
ern hardwood stands, shade-intolerant hardwood
stands, and white spruce (Picea glauca (Moench)
Voss) plantations in New York. In another study,

382 J. J. PUHLICK ET AL.



Lutz et al. [27] found that tree growth rates, annual
C storage in aboveground pools, and albedo had
the strongest influence on optimal rotation length,
which averaged 94 years for diverse forest types in
New Hampshire. These past studies have clearly
identified the complex interactions between man-
agement and C storage, but have been primarily
simulation-based with limited incorporation of
long-term data, which may limit their over-
all inference.

Given the growing need to better understand
the C balance implications of various forest man-
agement scenarios, the goal of our study was to
use 65 years of empirical data and simulations of
tree growth and mortality from a long-term silvi-
cultural study in Maine, USA, to refine our under-
standing of forest C dynamics. Our first objective
was to compare average annual net C sequestra-
tion (AAC as in Moore et al. [10]; Mg ha�1 yr�1) in
the pools of aboveground portions of live trees,
dead wood, and harvested wood products among
contrasting forest management scenarios on a
rotation (30-100 years) and 100-year basis. Our
second objective was to evaluate trends in the
cumulative sum of net changes in C stocks over
time by stand and forest management scenario.
Finally, we sought to integrate the findings from
the preceding objectives into a more holistic
understanding of the benefits and risks associated
with using silvicultural techniques to enhance C
storage in Acadian forests with refined recommen-
dations for optimal strategies and future research.

Materials and methods

Study site and experimental design

The 1619-ha Penobscot Experimental Forest (PEF)
is located in central Maine, USA (44�520N, 68�380W;
mean elevation of 43m). The PEF is within the
Acadian Forest, which is an ecotone between the

eastern North American broadleaf and boreal for-
ests [28]. Tree species composition is diverse and
includes balsam fir (Abies balsamea (L.) Mill), red
spruce, eastern hemlock (Tsuga canadensis (L.)
Carri�ere), northern white-cedar (Thuja occidentalis
L.), and eastern white pine (Pinus strobus L.), in
mixture with maples (Acer spp.), birches (Betula
spp.), and aspens. Since the 1950s, the United
States Department of Agriculture (USDA) Forest
Service has maintained studies on the PEF to
investigate the influence of silvicultural treatments
and exploitative cuttings on stand composition,
structure, growth, and yield [29]. Each of 10 treat-
ments evaluated in this study (Table 1) was
assigned to two experimental units (stands) rang-
ing from 7 to 18 ha in size for a total of 20 stands.
Each stand contains permanent plots with a
nested design with 0.08-, 0.02-, and 0.008-ha circu-
lar plots sharing the same center (see Figure 4 in
Waskiewicz et al. [30]). Table S1 lists the number of
plots in each stand that were used to estimate C
stocks and sequestration. Trees � 11.4 cm diam-
eter at breast height (dbh; 1.37m) are measured
on the entire 0.08-ha plot, trees � 6.4 cm are
measured on the 0.02-ha plot, and trees � 1.3 cm
are measured on the 0.008-ha plot. The plot
design reduces time allocated to measuring small
trees; for example, trees ranging from 1.3 to 6.3 cm
dbh are only measured on the 0.008-ha plot. Plot
locations were randomly selected using a systemic
grid with a random start [30].

Before 1950, repeated partial cutting and forest
fires of unknown frequency and severity occurred
across the PEF [31]. Commercial harvesting began
in the late 1700s and continued until the late
1800s. When the USDA Forest Service silvicultural
experiment began in the 1950s, tree species com-
position in the stands used for this study included
eastern hemlock, balsam fir, red spruce, hard-
woods, and other softwoods [29, 32]. The stands

Table 1. Description of forest management scenarios used to model C stocks over a 100-year period.
Scenario Description

Unmanaged No cutting.
Selection Single-tree selection cutting. Three separate scenarios involved cutting on 5-, 10-,

and 20-year cycles.
Uniform shelterwood with two-stage overstory removal Two overstory removal cuttings using the shelterwood method of regeneration. The

new cohort of trees was commercially thinned twice and then the stand was
regenerated using a one-cut shelterwood approach.

Uniform shelterwood with three-stage overstory removal Two separate scenarios, both involved three removal cuttings using the shelterwood
method of regeneration. The first scenario was followed by precommercial and
commercial thinning and then clearcut and planted to spruce. The second
scenario involved no treatments after the three removal cuts.

Diameter-limit Two separate scenarios. The first with fixed diameter limits for desired species. The
second with guiding diameter limits; diameter limits were increased above those
used for fixed diameter-limit scenario and there was flexibility for leaving trees
above and below the diameter limits.

Commercial clearcut Most or all of the merchantable trees of desired species were cut twice, once in the
1950s and again in the 1980s.
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were irregularly uneven-aged, with relatively low
stem density in the larger size classes [29, 31]. The
majority of plots within stands used for this study
occurred on soils derived from till; exceptions were
two stands with plots that occurred on soils
derived from glaciomarine sediments. Soils that
occupied upland positions included loamy-skeletal,
isotic, frigid Lithic Haplorthods (Thorndike series);
coarse-loamy, isotic, frigid Oxyaquic Haplorthods
(Plaisted series); and coarse-loamy, isotic, frigid
Aquic Haplorthods (Howland series) [33]. Soils
derived from till that occupied lower positions
included loamy, mixed, active, acid, frigid, shallow
Aeric Endoaquepts (Monarda series); and loamy,
mixed, superactive, nonacid, frigid, shallow Histic
Humaquepts (Burnham series). Soils derived from
glaciomarine sediments included fine, illitic, frigid
Aquic Dystric Eutrudepts (Buxton series); fine, illitic,
nonacid, frigid Aeric Epiaquepts (Lamoine series);
and fine, illitic, nonacid, frigid Typic Epiaquepts
(Scantic series).

For the present study, C stocks were calculated
for stands managed according to nine prescrip-
tions and two unmanaged reference stands
(Table 1). For the selection stands, residual

structural goals were defined using the BDq
method to specify target residual basal area, max-
imum diameter, and distribution of trees among
size classes [34, 35]. In the uniform shelterwood
with two-stage overstory removal stands, advance
regeneration was present when the removal of the
overwood began in the 1950s (Figure 1). During
the final removal of the overwood approximately
10 years later, submerchantable trees (<16.5 cm
dbh) and some larger trees for which there was no
local market were not removed; no additional
activities were conducted until commercial thin-
ning in 2012. The uniform shelterwood with three-
stage overstory removal stands were regenerated
over a period of 17 years, with final removal of all
trees � 6.4 cm dbh in the 1970s. In the early
1980s, the new cohort of trees was precommer-
cially thinned in one half of each stand; spruce
were favored and about 1668 crop trees ha�1

were left [29]. For the fixed and guiding diameter-
limit treatments, all merchantable trees of desired
species above prescribed diameter limits were
removed [35]. The guiding diameter-limit approach
is an alternative to fixed-diameter limit cutting and
is best known for its use in pine stands of the

Figure 1. Timelines of scenarios by stand showing management activities over a 100-year period. UM¼ unmanaged;
S10¼ selection cutting on a 10-year cycle; see Table 3 for other scenario codes.
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southern USA [22–24]. In the commercial clearcut
stands, most or all of the merchantable trees were
removed without explicit attention to regener-
ation. For the fixed diameter-limit and commercial
clearcut stands, cuttings were repeated when the
volume of merchantable trees was at least equal
to that removed in the first cut. Guiding diameter-
limit cutting was conducted every 20 years. The
reference stands have not been harvested since
the late 1800s, but have experienced more recent
partial natural disturbances [9]. Detailed descrip-
tions and timings of each treatment and stand are
presented in Sendak et al. [29] and Brissette and
Kenefic [34].

Summarization of historical data

Our methods required that we estimate C in the
aboveground components of live trees, dead
wood, and harvested wood products since the
inception of the forest management treatments at
the PEF. For plots with tree mortality records dat-
ing back to the 1950s, we tallied the number of
live trees and trees that had been harvested or
died due to non-harvest mortality agents; the
records were from Kenefic et al. [35] and more
recent inventories to 2019. The Forest Service
measured live trees on permanent plots every
5 years (every 10 years starting in 2000) and before
and after harvest; trees that had died since the
previous inventory were recorded as harvest or
non-harvest mortality.

For each inventory, aboveground C in live trees
was estimated with regional biomass equations
[36] and species-specific C concentrations by
Lamlom and Savidge [37]. For non-harvest mortal-
ity, bole and branch C above the stump was esti-
mated with the Young et al. [36] equations and C
concentrations by Lamlom and Savidge [37]. These
methods were also used to estimate C in the tops
and branches of trees killed during harvest, plus
the boles of trees < 11.4 cm dbh that were killed
during harvest. Then, species-specific downed
coarse woody debris (CWD) decay rates for eastern
USA forests and the study area’s climate regime
[38] were used to estimate dead wood C stocks
from non-harvest mortality and harvest residues
for each inventory; this methodology assumes that
dead wood was incorporated into the downed
CWD pool immediately after death. The estimated
dead wood C stocks are conservative because they
are based on recruited dead wood (i.e. not from
trees that died before the 1950s or portions of

trees that were cut and left on-site before the
1950s, or from annual and episodic inputs from
live trees).

For harvest mortality, the volume in sawlogs
and pulpwood was determined using regional spe-
cies-specific taper equations [39] and local mer-
chantability standards [18]. Then, the amount of
wood biomass in each product was calculated
using equations from Miles and Smith [40] and C
concentration estimates by Lamlom and Savidge
[37] were used to calculate C stocks. Finally, the
amount of C in wood products and landfills for
each inventory was estimated using residence
times for hardwoods and softwoods, and for pulp-
wood and sawlogs from Smith et al. [41]. Prior to
1989, non-sawlog, hardwood material was utilized
as fuelwood and was assumed to be combusted at
time of harvest.

Simulated C stocks

While empirical data were used to estimate past C
stocks, our objective was to compare C sequestra-
tion among scenarios over the course of rotations
and over 100 years. We used recent inventory data
to model C sequestration over these time periods,
with simulations of additional silvicultural treat-
ments and tree growth and mortality as needed.
An evaluation of C sequestration on a rotation
basis is important because it allows for comparison
between uneven-aged stands in which stocking
remains high over time and even-aged stands in
which stocking is temporally variable due to large
reductions in live tree C stocks at the time of stand
regeneration. In the shelterwood stands on the
PEF, the rotation length is the time between
the initiation of the new cohort in the 1950s and
the removal of that cohort once target tree sizes
for pulpwood or sawtimber production have been
reached (Figure 1). Based on previous work in
these stands, shelterwood rotation lengths of
approximately 65 years for the scenario with three-
stage overstory removal and precommercial thin-
ning and 80 years for the scenario with two-stage
overstory removal and no precommercial thinning
were used for simulation [42]. For the commercial
clearcut stands, the rotation is the time between
the first and second cuts (i.e. 30 years) because of
the low volume remaining after the 1980s cutting
[12, 29]. We did not simulate additional cuttings in
these stands, though silvicultural rehabilitation or
repeated commercial clearcutting are management
alternatives [11–13]. In uneven-aged stands, an
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overstory removal does not occur but the min-
imum amount of time required for a newly regen-
erated tree to reach the target maximum diameter
can be regarded as the rotation [43, 44]. Tree age-
size relationships in the PEF selection stands indi-
cate that this is 100 years [44]. A similar rotation
age was used for the guiding and fixed diameter-
limit scenarios, with slight variation (<10 years)
due to differences in periodicity of harvests. A
rotation length of 100 years was used for the
unmanaged reference stands. Finally, we modeled
C sequestration over a period of 100 years for all
stands to make comparisons on a time frame that
is commonly used for C accounting purposes.

The most recent inventories of live trees �
1.3 cm dbh and tree regeneration were used to
simulate future growth and mortality using a
locally calibrated growth and yield model – the
Acadian variant of the USDA Forest Service, Forest
Vegetation Simulator (FVS-ACD) [45]. We also used
FVS-Online, which is the online interface to the
FVS modeling system. For each stand, the site
index was determined using methodologies devel-
oped by Seymour and Fajvan [46] for uneven-aged
stands, a site classification system by Briggs [47],
or the height of dominant trees within a stand and
stand age [48] (Table S1). For simulations of selec-
tion and diameter-limit cutting, we used the BDq
targets and species-specific diameter limits out-
lined in Kenefic et al. [35]. Table S2 includes key-
words that were used in simulations. Tree growth
and mortality were predicted on a yearly basis and
C stocks were computed as described for the his-
torical data. Then, a stock change approach
described by Puhlick et al. [9] was used to calcu-
late the average annual net change in C stocks for
time periods between inventories: (C stocks in
time 2 – C stocks in time 1)/time between invento-
ries in years. For each permanent plot, AAC was
derived by summing the net change in C stocks
for each inventory period and dividing the sum by
the total timespan of measurements for the

rotation or 100 years. The denominators of these
equations were computed using values that
included the month and year of inventory: year þ
(month/12); with January ¼ 1, February ¼ 2, etc.

For each permanent plot, the amount of regen-
eration used in FVS was limited to 4,942 trees ha�1

based on recommendations by Ray et al. [49] for
mixed-species stands of the region. Each perman-
ent plot contained 3-4, 0.0004- or 0.0013-ha plots
(radius ¼ 1.13 or 2.07m, respectively) for measur-
ing tree regeneration [18, 35]. When the observed
number of seedlings exceeded 4,942 trees ha�1 on
a given regeneration plot (after applying an appro-
priate expansion factor to individual trees), each
tree species was allocated a proportion of max-
imum number of trees supplied to FVS (i.e. 4,942
trees ha�1). Specifically, for each species, the num-
ber of seedlings within size classes defined by
Waskiewicz et al. [30] was multiplied by a
weighted value, with more weight given to trees
in the larger size classes. The values for each size
class were then summed and divided by a corre-
sponding value for all species. Finally, the number
of regeneration plots associated with a given per-
manent plot was divided by the number of trees
computed for each regeneration plot. For each
species, the average height of seedlings was used
in FVS.

Data analysis

Mixed effects modeling was used to evaluate the
influence of forest management scenario and
depth to redoximorphic features in the soil on
average annual net C sequestration in the above-
ground components of live trees and recruited
dead wood and wood products. For each perman-
ent plot, depth to redoximorphic features were
measured by Olson et al. [50]. Separate models of
average annual net C sequestration were devel-
oped for individual pools (i.e. live trees, dead
wood, and wood products) and all pools

Table 2. Model fit statistics for mixed-effects models of average annual net change in C that
contained forest management treatment as a fixed effect and stand as a random effect (bi) on
a rotation and 100-year basis.
C pool Marginal R2 Conditional R2 Residual SE (Mg ha-1) bi SE (Mg ha-1)

Rotation
Live trees 0.275 0.323 0.255 0.093
Dead wood 0.477 0.477 0.059 < 0.001
Wood products 0.507 0.621 0.055 0.037
All C pools 0.360 0.360 0.243 < 0.001
100 years
Live trees 0.670 0.731 0.255 0.127
Dead wood 0.717 0.729 0.060 0.011
Wood products 0.732 0.791 0.055 0.028
All C pools 0.735 0.768 0.246 0.099

SE, standard error.
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combined. In addition, separate models were also
developed for C sequestration over the course of a
rotation and for 100 years. For the unmanaged and
selection cutting on a 10-year cycle scenarios, one
stand occurred on soils derived from till and one
stand occurred on soils derived from glaciomarine
sediments. Hence, these scenarios were not
included in our statistical analysis because differen-
ces in soil properties between soils derived from
till and glaciomarine sediments, such as soil pH
and nutrient concentrations, can influence C
dynamics [9]. For the other scenarios, only plots
occurring on till were used in the present study.
Stand was used as a random effect to account for
the nested structure of the data and potential cor-
relation between observations from the same
stand. Likelihood ratio tests were used to deter-
mine the optimal models in terms of fixed effects.
The lme function in the nlme package [51] in R
[52] was used to fit the linear mixed-effects mod-
els. Least-squares (LS) means and pairwise compar-
isons were calculated using the lsmeans and cld
functions in the lsmeans [53] and multcompView
[54] packages, respectively, in R. For the pairwise
comparisons, differences between C stock LS
means were considered significant if p< 0.05 after
applying a Tukey’s honest significant difference
multiplicity adjustment.

Results

Before the initiation of forest management treat-
ments in the 1950s, aboveground live tree C stocks
by forest management scenario were 66.2 ± 4.8Mg

ha�1 (mean± SD) and ranged from 60.8 to 75.4Mg
ha�1 (Figure 2). Most stands had a higher propor-
tion of softwood C stocks than hardwood C stocks
(Figure S1). At the end of the rotations, above-
ground live tree C stocks were 87.1 ± 24.0Mg ha�1

and ranged from 59.8 to 143.1Mg ha�1 (Figure 2).
At the end of the 100-year period, aboveground
live tree C stocks were 88.6 ± 32.6Mg ha�1 and
ranged from 37.5 to 143.1Mg ha�1 (Figure 2). At
the end of the rotations and the 100-year period,
C stocks are shown by component (i.e. live trees,
dead wood, and wood products), stand, and forest
management scenario in Figure S2 (Figure 3).

While the unmanaged and selection cutting on
a 10-year cycle scenarios were not used in statis-
tical models, AAC in the combined live tree, dead
wood, and wood product pools on a rotation basis
was quantitatively similar among the unmanaged,
all selection cutting, and uniform shelterwood with
three-stage overstory removal followed by no thin-
ning scenarios (Figure 4). On a 100-year basis, AAC
of the unmanaged and selection cutting scenarios
was quantitatively similar to the commercial clear-
cut scenario that was allowed to recover after two
commercial harvests in those stands (Figure 5). For
the unmanaged and selection cutting on a 10-year
cycle scenarios, AAC in the combined live tree,
dead wood, and wood product pools was
1.095 ± 0.171 and 1.015 ± 0.334Mg ha�1 yr�1,
respectively. AAC was quantitatively similar
between the till and glaciomarine sediment stands
of these two scenarios. For the unmanaged scen-
ario, the live tree pool sequestered the most C,
while C sequestered in dead wood and wood

Figure 2. Average C stocks (Mg ha�1) at the beginning of experiment in the 1950s by species and forest management
scenario. The mean values are the overall means (i.e. the mean values for each stand were used to compute the overall
mean for each scenario). See Figure 1 and Table 3 for scenario codes.
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products accounted for a greater percentage of
the overall C sequestration for the selection scen-
arios (Figure 6, Figure S3, and Figure S4).

The best models of AAC for the combined live
tree, dead wood, and wood product pools
included forest management scenario as a statistic-
ally significant fixed effect (p< 0.05). On a rotation
and 100-year basis, the forest management scen-
ario effect explained 36 and 74% of the variation
in AAC, respectively (Table 2). On a rotation and

100-year basis, variation in AAC between stands
with the same treatment accounted for < 1 and
14% of the components of variance, respectively.
On a rotation basis, pairwise comparisons indi-
cated that selection cutting and uniform shelter-
wood cutting with three-stage overstory removal
followed by no thinning scenarios had greater
AAC than other shelterwood and diameter-limit
cutting scenarios (p< 0.05). AAC was similar
between the selection cutting on a 5-year cycle

Figure 3. Average C stocks (Mg ha�1) at the end of the rotation and 100-year period by live tree, dead wood, and wood
product pools and forest management scenario. The mean values are the overall means (i.e. the mean values for each
stand were used to compute the overall mean for each scenario). See Figure 1 and Table 3 for scenario codes.

Figure 4. Average annual net change in C (Mg ha�1 yr�1) for the combined live tree, dead wood, and wood product pools
on a rotation basis. The horizontal line and black dot in each box are the median and mean, respectively. The boxes
define the hinge (25-75% quartile, and the line is 1.5 times the hinge), and points outside the hinge are represented as
dots. The mean value in each box is the stand-level mean (i.e. computed from plot values of average annual net change
in C for a given stand) and the length of the box and lines show variation among plot values. See Figure 1 and Table 3
for scenario codes.
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and commercial clearcut scenarios (Table 3). On a
100-year basis, selection cutting, uniform shelter-
wood with three-stage overstory removal followed
by no thinning, and commercial clearcut scenarios
had greater AAC than the uniform shelterwood
with three-stage overstory removal followed by
thinning and the fixed diameter-limit cutting scen-
arios. AAC was similar among the guiding diam-
eter-limit cutting, selection cutting, uniform
shelterwood with three-stage overstory removal
followed by no thinning, and commercial clearcut-
ting scenarios. Likelihood ratio tests indicated that
depth to redoximorphic features did not have a
statistically significant effect on AAC.

For the unharvested, selection, and guiding
diameter-limit stands, the cumulative sum of net
changes in C stocks for combined live tree, dead
wood, and wood product pools was positive for
most of the 100-year period evaluated in this study
(Figure 7). For one of the unmanaged stands
(stand 32A), tree mortality at the beginning of the
100-year period led to an initial loss of C in live
trees, but with a corresponding increase in dead
wood C accumulation. Despite this initial decrease,
C accumulated in combined pools consistently
increased over time in both unmanaged stands. In
stands where forest management activities
occurred, C accumulated in wood products gener-
ally increased over time. This was best exemplified
by the selection and guiding diameter-limit stands.
For all of the shelterwood stands with thinning,

the cumulative sum of net changes in C stocks for
combined pools was negative for about the first
40 years of the study, but was positive by the end
of the rotation periods. For stands regenerated
with uniform shelterwood cutting with three-stage
overstory removal and no thinning thereafter, C
accumulation approached levels comparable to
the unmanaged stands by 100 years. For stands
where commercial clearcutting occurred in the
1950s and again in the 1980s, C accumulation
reached levels about half that of unmanaged
stands when allowed to recover after harvests.

Discussion

Our findings indicate that maintaining portions of
a landscape as reserves (i.e. no timber manage-
ment) combined with additional forested land-
scapes where selection cutting or similar forms of
multi-aged silviculture could be practiced could
enhance C sequestration compared to other forest
management alternatives. Multi-aged silvicultural
systems, such as selection and irregular shelter-
wood systems, can provide the additional benefit
of increasing resiliency by maintaining structural
and compositional complexity that can reduce C
emission risk in some forest types [55]. For the
combined live tree, dead wood, and harvested
wood product pools, AAC was quantitatively simi-
lar among the unmanaged and all of the selection
cutting scenarios. In the selection cutting

Figure 5. Average annual net change in C (Mg ha�1 yr�1) for the combined live tree, dead wood, and wood product
pools on a 100-year basis. The horizontal line and black dot in each box are the median and mean, respectively. The
boxes define the hinge (25-75% quartile, and the line is 1.5 times the hinge), and points outside the hinge are repre-
sented as dots. The mean value in each box is the stand-level mean (i.e. computed from plot values of average annual
net change in C for a given stand) and the length of the box and lines show variation among plot values. See Figure 1
and Table 3 for scenario codes.
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scenarios, C in live trees was periodically trans-
ferred to the harvested wood product and dead
wood pools due to timber harvesting. Some of this
transferred C was initially emitted during the man-
ufacturing of products and the remaining C was
stored in products or landfills for various time peri-
ods depending on species and product categories.
Selection cutting also promoted the growth of
large diameter trees with resulting products from
those trees having long residence times. At the
same time, new cohorts of trees were periodically
established and relatively high sequestration rates

in these trees contributed to overall C sequestra-
tion. By the end of the 100-year study period, the
selection stands also sequestered amounts of C in
the aboveground portions of live trees similar to
that of the unmanaged stands. These findings indi-
cate that structurally complex forests managed for
products with long residence times can sequester
C at levels similar to those of unmanaged forests.

While we found that selection cutting can
enhance C sequestration compared to other forest
management alternatives, selection cutting in
North America has been mostly practiced on

Table 3. Least-squares (LS) mean (standard error) average annual net change in C (AAC, Mg ha�1 yr�1) by forest man-
agement scenario and C pool on a rotation and 100-year basis. S05¼ selection cutting on a 5-year cycle;
S20¼ selection cutting on a 20-year cycle; SW2¼ uniform shelterwood with two-stage overstory removal;
SW3¼ uniform shelterwood with three-stage overstory removal; T¼ thinning; N¼ no thinning; FDL¼ fixed diameter-
limit cutting; GDL¼ guiding diameter-limit cutting; CC¼ commercial clearcut.

Scenario
C pools
Live trees Dead wood Wood products All C pools

Rotation
S05 0.292 (0.080) ab 0.168 (0.010) ab 0.225 (0.028) a 0.685 (0.043) bc
S20 0.271 (0.088) ab 0.211 (0.021) abc 0.194 (0.029) a 0.891 (0.077) c
SW2 – 0.010 (0.087) ab 0.218 (0.013) ac 0.228 (0.027) a 0.362 (0.058) a
SW3-T 0.233 (0.076) ab 0.187 (0.013) ab 0.119 (0.026) a 0.394 (0.038) a
SW3-N 0.399 (0.100) b 0.335 (0.015) d 0.105 (0.028) a 0.844 (0.068) c
FDL – 0.109 (0.076) a 0.173 (0.009) ab 0.225 (0.028) a 0.328 (0.037) a
GDL 0.070 (0.078) ab 0.153 (0.007) b 0.232 (0.027) a 0.439 (0.044) a
CC – 0.071 (0.118) ab 0.320 (0.026) cd 0.138 (0.028) a 0.395 (0.078) ab
100 years
S05 0.293 (0.101) bcd 0.168 (0.013) a 0.225 (0.022) cd 0.687 (0.083) cde
S20 0.269 (0.108) abcd 0.211 (0.022) ab 0.194 (0.024) bcd 0.887 (0.107) de
SW2 – 0.069 (0.105) acd 0.182 (0.011) a 0.181 (0.021) abcd 0.295 (0.089) abc
SW3-T – 0.280 (0.092) a 0.136 (0.013) a 0.127 (0.021) abd – 0.034 (0.074) b
SW3-N 0.597 (0.100) b 0.368 (0.013) c 0.067 (0.021) a 1.032 (0.082) e
FDL – 0.242 (0.095) ad 0.184 (0.013) a 0.259 (0.022) c 0.210 (0.078) ab
GDL 0.072 (0.099) abcd 0.153 (0.011) a 0.232 (0.022) cd 0.450 (0.082) acd
CC 0.430 (0.095) bc 0.300 (0.013) bc 0.084 (0.021) ab 0.816 (0.076) de

Note: Different letters indicate significant differences between LS mean AAC among treatments at p< 0.05.

Figure 6. Mean average annual net change in C (Mg ha�1 yr�1) for the live tree, dead wood, and wood product pools on
a rotation and 100-year basis by forest management treatment. The mean values are the overall means (i.e. the mean val-
ues for each stand were used to compute the overall mean for each treatment). See Figure 1 and Table 3 for scen-
ario codes.
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experimental forests in the USA and Canada.
However, silvicultural systems that promote similar
stand conditions could be utilized to sequester
comparable amounts of C. The selection stands on
the PEF have a high degree of structural and

species diversity [32, 56], which are comparable to
some forms of irregular shelterwood or gap-based
approaches [57–59]. Despite the similarity in AAC
between the selection cutting on a 5-year cutting
cycle and commercial clearcut scenarios on a

Figure 7. Cumulative sum of net changes in C stocks (Mg ha�1) over 100-year period by stand and forest management
scenario. Gray shading indicates the portion of the 100-year period that involved estimating C stocks from simulations of
tree growth and mortality; the starting dates involving simulations is approximate because these dates often varied by
stand within scenario (see Figure 1). Net changes in C stocks between inventories can be positive (C accumulation) or
negative (C loss). See Figure 1 and Table 3 for scenario codes.
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rotation basis, commercial clearcutting led to an
abundance of non-merchantable species and poor-
quality trees [12, 13]. These post-harvest conditions
could limit the future potential for C sequestration
in live trees and harvested wood products. Finally,
selection cutting on a longer cycle (e.g. 20 years)
could be an alternative for landowners who desire
to sequester C and ensure that harvesting opera-
tions are economically feasible for logging
contractors.

On a rotation basis, the shelterwood scenarios
that included thinning sequestered less C than the
selection scenarios. However, over multiple rota-
tions, C accumulated in wood products from the
shelterwood stands could dampen the overall loss
of C when regenerating stands. In our study, there
was evidence of this after the first rotation in the
shelterwood stands (Figure 7). Also, the timing of
commercial thinning and amount of biomass
removed influence C dynamics. In this study, an
early commercial thinning entry with a 40% basal
area reduction was simulated. Thinning stands to
low densities can accomplish goals such as pro-
moting growth on individual trees so that they
reach certain product classes sooner [60].
However, there is a greater initial live tree C loss
and early thinning of pulpwood-sized trees gener-
ate products that have short residence times. We
also found that open stand conditions post-thin-
ning caused a bottleneck for desired shade-toler-
ant conifer tree regeneration. Many sprouting
hardwoods (e.g. red maple (Acer rubrum L.) and
aspen) and balsam fir became quickly established
after thinning, and the low stocking of overstory
trees after thinning precluded use of the uniform
shelterwood method with three stages of over-
story removal.

On both a rotation and 100-year basis, the fixed
diameter-limit cutting scenario sequestered less C
than the selection cutting scenarios. However, the
guiding diameter-limit cutting and selection cut-
ting scenarios sequestered similar amounts of C
(Table 3). In terms of structure and species com-
position, the guiding diameter-limit stands have
been shown to be more similar to selection stands
than the fixed diameter-limit stands [61, 62]. While
the focus of the guiding diameter-limit approach is
on tree removal and not residual stand condition,
it could be an alternative to selection cutting for
some landowners. The guiding diameter-limit
approach allows some long-lived species to reach
sawlog size, and products derived from sawlog-
sized trees have the potential to store C for long

periods of time. The guiding diameter-limit
approach also offers landowners the flexibility of
cutting trees below diameter limits if trees are
expected to die, and retaining trees above diam-
eter limits to protect the stand from winds and
retain seed sources [25]. Retaining large trees of
fast-growing species has the additional benefit of
enhancing stand-level C sequestration.

Our results were similar to those of other stud-
ies that simulated C stocks over long periods of
time. For example, the average annual C stocks
reported by Schwenk et al. [6] were quantitatively
greater for their selection cutting scenario than
shelterwood cutting or clearcut scenarios.
However, it is important to consider that their sim-
ulations were conducted with data from northern
hardwood stands and our inventory data were
from conifer-dominated, mixed-species stands. On
a 70-year and single-management basis (i.e. one
forest management scenario applied to a given
stand of a certain forest type), Carpentier et al. [5]
found that C stock MCDA utility values were statis-
tically similar for intensive and ecosystem manage-
ment scenarios. Their ecosystem management
treatments varied by forest type, but for northern
hardwoods was single-tree selection cutting on a
20-year cutting cycle. In contrast, our study
showed that AAC was greater for selection cutting
on a 20-year cutting cycle than for diameter-limit
or commercial clearcut scenarios. Again, differen-
ces in species composition, time periods consid-
ered, and metrics used to compare scenarios need
to be considered when making comparisons
among studies. For example, some forest types
dominated by species with faster growth rates
(e.g. aspen and eastern white pine) could have
higher C sequestration rates than forest types
dominated by species with slower growth rates or
that are prone to disease (e.g. American beech
(Fagus grandifolia Ehrh.)).

Our simulated C stocks at the end of rotations
were similar to those of studies that were based
on long-term measurements of forest and wood
product pools. For example, mean live tree C
stocks for the uniform shelterwood with two-stage
overstory removal followed by commercial
thinning and the uniform shelterwood with three-
stage overstory removal followed by precommer-
cial and commercial thinning scenarios (71.7 and
89.9Mg ha�1, respectively) were similar to C stocks
following thinning treatments to various levels of
basal area in red pine stands (approximately 60 to
80Mg ha�1) [17]. For these scenarios, wood
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product C stocks were also similar between studies
(7.3 to 18.6Mg ha�1 for our study and approxi-
mately 8 to 18Mg ha�1 for the study by Powers
et al. [17]). Also, after more than five decades of
single-tree selection cutting in northern hard-
woods, Powers et al. [17] found that live tree C
stocks were approximately 70 to 90Mg ha�1. In
our study, C stocks averaged 90.4 to 101.1 after
100 years of single-tree selection on various cutting
cycles. However, it is important to note that the
study by Powers et al. [17] included live tree C in
belowground portions of trees and our study only
included aboveground C. Also, for the scenarios
involving thinning, the method of thinning (e.g.
thinning from below), residual basal areas, and
timing of thinning can influence C stocks over the
course of a rotation [63].

Our analysis has several limitations and should
be considered within the context of the PEF. First,
the initial stand conditions of the forest permitted
the use of a variety of treatment alternatives.
Across many other forested landscapes, some
stands have poor stocking of desired species, con-
tain submerchantable trees, or have other attrib-
utes that limit management options [64–66]. When
comparing C sequestration among forest manage-
ment treatments, starting conditions can also influ-
ence estimates of C sequestration and the ranking
of different treatments with regard to C objectives.
For example, estimates of AAC could be different if
starting from a well-stocked forest, cutover stand
conditions, or clearcutting followed by tree plant-
ing. Second, dead wood and harvested wood
product C stocks before the 1950s were not
included in our estimates of C sequestration. In
forests managed for wood products, C stored in
dead wood and products from previous rotations
would contribute to the overall sequestration of C
in consecutive rotations [67]. However, repetitive
harvesting can also result in accelerated decom-
position of dead wood or its incorporation into
belowground pools [68]. These impacts depend on
the amount of the stand area disturbed by
machinery, biomass removed, and frequency of
harvests [69, 70]. Our results are also based on
past merchantability standards, which will likely
change in the future. For example, many mills are
beginning to accept smaller diameter sawlogs
which could influence the amount of wood
extracted from forests and C stored in products.
For scenarios involving diameter-limit cutting,
decreasing diameter limits for certain species could
result in more trees being cut and less material

being left on site in the tops of trees, but more
wood being stored in products. Finally, our pro-
jected C stocks do not account for major distur-
bances such as the hemlock woolly adelgid
(Adelges tsugae) or eastern spruce budworm
(Choristoneura fumiferana), and do not consider
alternative climate and atmospheric CO2

trajectories.
Future studies that compare the influence of

altered disturbance and climatic regimes on C
sequestration would be informative. For example,
the risk of C emissions due the hemlock woolly
adelgid could be compared between forests man-
aged and not managed for timber products. When
forests have conditions that make them prone to
severe disturbances, forest management that
results in C being sequestered in products may
minimize the risk of overall long-term C emissions
compared to no timber management scenarios.
While this may be true for forests prone to high-
intensity wildfires in which fuels are combusted,
there is less certainty about C trajectories for for-
ests subject to disturbances that result in large
transfers of C to the dead wood pool. On a land-
scape scale, such analyses could incorporate the
temporal and spatial aspects of disturbance under
alternative climate and atmospheric CO2 trajecto-
ries. Other studies of C sequestration are needed
for cutover and unhealthy forests (e.g. forests
effected by disease), and could be compared to
scenarios with the rehabilitation or restoration of
those forests.

Our findings indicate that modeling the C con-
sequences associated with alternative thinning
entry times and biomass removals would be useful
for planning and policy decisions. As noted by
Mika and Keeton [71], modeling C sequestration
over consecutive rotations would also be inform-
ative, especially in regard to wood product C
stocks. However, given the urgency of mitigating
climate change over the short-term (i.e. decades),
studies involving shorter time periods (e.g. single
rotations for scenarios involving stands regener-
ated with the shelterwood method followed by
thinning) and with a higher level of certainty are
important. In our study, commercial thinning to
low densities caused a bottleneck for tree regener-
ation of desired species and limited regeneration
methods to clearcutting and planting, or releasing
the regeneration that was present and conducting
a cleaning and fill planting. Generally, site condi-
tions on the PEF are not considered desirable for
this type of intensive management due to poor
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drainage and low soil fertility, but such methods –
including the C sequestration advantages and dis-
advantages of artificial versus natural regeneration
systems – should be further considered in future
analyses of this type.

The sequestration of C in soils and the benefits
of other ecosystem services, which were not eval-
uated in this study, also merit consideration. For
managed stands on the PEF, Puhlick et al. [18]
found that the average relative contribution of
belowground C pools to total ecosystem C was
over 50% for mineral soils to a depth of 1m.
Management strategies that could enhance C
sequestration in this large C pool include retaining
sections of cut trees on the forest floor to be incor-
porated into the soil, and maintaining species mix-
tures to increase the resiliency of the forest to
disturbances and climate change thereby avoiding
high decomposition rates of soil C [72, 73]. Forest
management that promotes mixtures of conifers
and hardwoods can also make forests less suscep-
tible to the eastern spruce budworm and perhaps
reduce the risk of C emissions [74]. Forest manage-
ment strategies that create early successional habi-
tat for certain wildlife species could also reduce C
emission risk if unhealthy or degraded areas of the
landscape were strategically regenerated. In short,
the development and application of management
strategies that incorporate C, forest resiliency, and
other ecosystem objectives (maintaining or
enhancing biodiversity, etc.) allow forest managers
to adapt to rapidly changing conditions, while try-
ing to minimize both short- and long-term risk.

Conclusion

Comparisons of C sequestration among contrast-
ing forest management scenarios over various
timeframes and for different forest types are
needed to inform planning and policy decisions
related to mitigating climate change. On a rotation
basis, we found that scenarios with selection cut-
ting had greater AAC for combined live tree, dead
wood, and wood product pools than those with
shelterwood cutting followed by thinning or with
diameter-limit cutting (p< 0.05). For unmanaged,
selection, and guiding diameter-limit stands, the
cumulative sum of net changes in C stocks for
combined live tree, dead wood, and wood product
pools was positive for most of the study period.
This suggests that these strategies may be appro-
priate when objectives are to accumulate C across
a range of time (e.g. 30-100 years). Overall, our

results indicate that strategies that maintain over-
story stocking levels necessary to regenerate
desired species and promote the development of
sawlog-sized trees can enhance long-term C
sequestration in forests with similar species com-
position and soils. At the landscape-scale, an
approach involving multiple forest management
strategies could be implemented to reduce risks
associated with homogenous forest conditions.
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