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ABSTRACT: Climate mitigation activities in forests need to be
quantiﬁed in terms of the long-term eﬀects on forest carbon stocks,
accumulation, and emissions. The impacts of future environmental change
and bioenergy harvests on regional forest carbon storage have not been
quantiﬁed. We conducted a comprehensive modeling study and life-cycle
assessment of the impacts of projected changes in climate, CO2
concentration, and N deposition, and region-wide forest management
policies on regional forest carbon ﬂuxes. By 2100, if current management
strategies continue, then the warming and CO2 fertilization eﬀect in the
given projections result in a 32−68% increase in net carbon uptake,
overshadowing increased carbon emissions from projected increases in ﬁre
activity and other forest disturbance factors. To test the response to new harvesting strategies, repeated thinnings were applied in
areas susceptible to ﬁre to reduce mortality, and two clear-cut rotations were applied in productive forests to provide biomass for
wood products and bioenergy. The management strategies examined here lead to long-term increased carbon emissions over
current harvesting practices, although semiarid regions contribute little to the increase. The harvest rates were unsustainable. This
comprehensive approach could serve as a foundation for regional place-based assessments of management eﬀects on future
carbon sequestration by forests in other locations.

■

INTRODUCTION
North America is currently a net source from anthropogenic
and natural processes of CO2 to the atmosphere due to the
dominance of fossil fuel emissions,1 and U.S. forests
compensate by removing up to 25% of the North American
emissions.2 The persistence of the U.S. forest sink will depend
on the interaction of future climate, environmental change, and
management, especially in the western states where an increase
in drought, ﬁre, and insect-related mortality have reduced forest
productivity.
Globally, climate change is expected to have positive impacts
on forest carbon sequestration through accelerated growth
because of CO2 fertilization3 and increased nitrogen deposition.4 Predicted and observed climate change impacts on
western U.S. forests include dry areas becoming drier, changes
in species composition, and increased mortality from drought
stress, insect outbreaks, and ﬁre5−7 that may outweigh the
positive eﬀects on growth. Because changes in current
management strategies (e.g., an increase in harvest) have the
potential to diminish or enhance climate change and natural
disturbance impacts, it is essential to quantify the interactive
eﬀects of climate change, increased atmospheric CO2, nitrogen
deposition, and proposed management strategies.
© 2013 American Chemical Society

In eﬀorts to improve forest health, provide energy security,
and reduce CO2 emissions (a potent greenhouse gas), intensive
management plans have been considered or implemented.8,9
Thinning to reduce the occurrence of wildﬁre has been a
strategy on both public and private forestland for several
decades and many have reported a reduction in emissions10,11
while others have shown that the carbon saved is small
compared to that removed in treatment.12,13 Recent studies
have examined the eﬀects of changes in forest management
intensity on forest carbon cycling and emissions associated with
use of wood for bioenergy.14−17 The basic assumptions used to
justify increased harvest intensity for bioenergy are that (1)
forest bioenergy is thought to be carbon neutral because the
forest will regrow new biomass to replace removed carbon,8
and (2) emissions from disturbance related mortality will be
reduced or avoided.18 This is contrary to comprehensive studies
that account for the baseline carbon sink and show an increase
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in emissions compared to business-as-usual management
(BAU) for decades to hundreds of years.19−21
These studies assume a one-to-one substitution of fossil fuelbased energy by bioenergy. The production of bioenergy
increases the supply of energy and therefore reduces the price,
leading to substantially lower substitution eﬃciency. 22
Furthermore, these studies did not examine the expected
changes to the baseline carbon sink associated with climate
change, which requires the use of a predictive model. The
change ultimately depends on the interplay of regional
conditions such as current and future sink strength, climate,
and intensity of natural and anthropogenic disturbances. To
improve assessments, long-term predictions are needed, along
with consideration of the interactive eﬀects of climate change
and increasing nitrogen deposition.
Here, we go beyond recent studies by simulating the eﬀects
of varying management strategies on forest carbon dynamics
while accounting for future environmental change (climate,
increasing atmospheric CO2, and nitrogen deposition). We
focus on the 12 million hectares of forests in Oregon, U.S.,
where there is a wide range of climate, productivity,
management types, and age classes that are representative of
temperate forests worldwide (Figure 1; Supporting Informa-
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METHODS

Carbon Cycle Terminology. Forests take up carbon
dioxide from the atmosphere and store it in biomass and
soils and release it back to the atmosphere through plant
(autotrophic) and microbial (heterotrophic) respiration. Net
primary production (NPP) is net plant growth after accounting
for autotrophic respiration. We deﬁne net ecosystem
production (NEP) as the diﬀerence between NPP and
heterotrophic respiration (Rh). We subtract losses through
ﬁre and harvest from NEP to obtain net land-based carbon
uptake (net biome production; NBP).23
Model Description. CLM4 is the land model component
of the National Center for Atmospheric Research’s (NCAR)
Community Earth System Model (CESM).24 Through the
combined use of regional climate data, physiological characteristics, and site physical attributes and history, CLM4 estimates
the half-hourly carbon, nitrogen, and water ﬂuxes between the
atmosphere and the vegetation and soils. Active model
components used in this study include biophysics, hydrology,
and biogeochemistry. The land surface is divided into grid cells
and the vegetated portion of each grid cell is further divided
into plant functional types (PFTs) designated by a percentage
cover of the grid cell (MODIS derived). Each PFT has its own
leaf and stem area index and canopy height and each PFT
competes for water and nutrients on a single soil column.
Recent model improvements include an integrated transient
land cover and wood harvest data set for the historical period
(1850−2005) and for the IPCC representative concentration
pathway (RCP) scenarios or CO2 trajectories (2006−2100).25
The data set has been formatted for use in CLM4 and was
constructed from remote sensing data and inventory observations.26 The data set is not output from a dynamic vegetation
model where PFT changes occur based on climate, stress, and
disturbance drivers overtime. This data set is a prescribed
human-induced disturbance history of forests which we can use
to test the model’s ability to simulate historical carbon
dynamics following clear-cut or thinning harvests. We use this
embedded transient PFT framework to implement our future
management scenarios (Figure 1 and Table 1). We use the data
set structure to prescribe the annual fraction of land that is
transformed from one PFT to another and to prescribe the
harvest area rates for each PFT within a grid cell over the
simulation period.
Model Forcing Data Sets (2010−2100). Because our
study region has strong climatic and vegetation gradients, we
forced the model with a higher spatial resolution than is typical
for CLM4 (1/8th degree or 12 km vs ∼2 degree). We used a
regional downscaled data set assembled by the Climate Impacts
Group at the University of Washington (http://www.cses.
washington.edu/data/ipccar4/). The data set includes daily
precipitation, minimum and maximum temperature, and wind
speed for the period from 2000 to 2100 for a moderate climate
impact scenario and a high impact climate scenario. Because
CLM4 also requires shortwave radiation and relative humidity
we calculated values incorporating algorithms from DAYMET27
and methods for subdaily calculations as described by28 (see SI
methods).
According to these forcing data sets, at the end of the 21st
century, predicted regional mean annual air temperature
increases by 3.7 to 4.9 °C above the mean annual temperature
in 2010 (SI Figure 1). Regional annual precipitation increases
by 400 mm in the latter half of the century for the high impact

Figure 1. (A) Study region (dark gray) is the U.S. Paciﬁc Northwest
state of Oregon, (B) Clearcut management in the Oregon Coast
Range ecoregion (mesic region, Photo Credit: Beverly Law), and (C)
Fuels reduction thinning strategies in the Oregon East Cascades
ecoregion (semiarid region, Photo Credit: Brian Hines).

tion, SI, Table 1). Ecoregion mean annual precipitation ranges
from 300−1800 mm yr−1, mean stand ages from 30 to 150
years, and net primary production from 130 to 750 g C m−2
yr−1. We use a framework of model-data integration and
complete life-cycle assessment (LCA) intended for place-based
regional assessments of potential management eﬀects on the
future carbon sequestration by forests. The speciﬁc questions
we answer are:
1. How will climate change and business-as-usual (BAU)
management aﬀect long-term forest carbon dynamics?
2. How will proposed management strategies aﬀect longterm forest carbon dynamics?
3. How do the strategies aﬀect net CO2 emissions to the
atmosphere?
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scenario, but does not increase for the moderate scenario.
However, the predicted precipitation patterns vary seasonally
and spatially in both scenarios. Regional relative humidity
remains fairly constant overtime for both future climates,
increasing by only 1.5−3% over the 90-year period. Results and
ﬁgures are presented as an average of the future forcing data set
simulations (2 climate × 2 RCP pathways) for BAU and the
proposed management strategies and we use the range of
results as standard error estimates.
NCAR supplies half degree gridded aerosol, land cover
change, aerosol and nitrogen deposition forcing data sets for
future simulations according to the RCP scenarios deﬁned for
the ﬁfth IPCC assessment. We used the NCAR spatial
interpolation tools to regrid these data sets to our regional 1/
8th degree resolution. To align our downscaled climate forcing
data sets with the RCP scenarios, we chose to use the RCP4.5
and 8.5 pathways that lead to a radiative forcing level of 4.5 W
m−2 (approximately 550 ppm atmospheric CO2 concentration)
and 8.5 W m−2 (approximately 1000 ppm) by the end of the
century as they represent both a moderate and high impact
scenario. We constructed global (single value per year) CO2
forcing data sets. For these RCP scenarios, nitrogen deposition
steadily declined in the moderate scenario while slightly
increasing in the high one (SI Figure 1d).
Model Evaluation. Subregional model parametrization
with observations (e.g., physiology, carbon allocation patterns,
and wood combustion factors) greatly improves predictions at
local to regional scales, which are the appropriate scales for
place-based evaluation of environmental impacts and management options. Model spin-up, calibration and evaluation,
historical simulations, and model development were completed.29 We improved model estimates by making modiﬁcations to CLM4 to allow physiological parameters, mortality
rate, biological nitrogen ﬁxation, and wood allocation to vary
spatially by PFT within an ecoregion based on ﬁeld plot data in
the region (>100 study sites). Using this regionally speciﬁc
model version, we compared modeled ecoregion NPP, stem
biomass, and Rh with over 3000 forest inventory plots in the
region. Model estimates of mean NPP and Rh fell within the
observed range of uncertainty in all ecoregions (SI Figure 2a),
and statistical tests of model-data ﬁdelity indicated good to
adequate model performance at 15 km resolution across several
age classes (see ref 29 for further details). These modiﬁcations
and evaluations indicate that CLM4 is capable of capturing
carbon dynamics following wood harvests. Simulations also
compared well with seasonal gross photosynthesis (GPP)
dynamics when compared with eddy-covariance tower data in
both mesic and semiarid ecoregions (SI Figure 2b,c). Finally,
the regional total NPP for forests was 57.6 Tg Cyr−1, a value
close to the observed total of 58.2 × 6.5 TgC yr−1 calculated
from inventory data.30 The regional modeled total NEP for
2001−2006 was also close to the reported value from inventory
data (12.8 versus 15.2 ± 1.6 TgC yr−1;30), and Biome-BGC
modeled results (17.0 ± 10 TgC yr−1).31
To evaluate our ﬁre predictions, we compared historical
estimates of CLM4 simulated burn area with remote sensing
data sets (Monitoring Trends in Burn Severity; MTBS32 and
Global Fire Emissions Database; GFED33). Before modiﬁcation, CLM4 overestimated burn area compared to the remote
sensing estimates and woody biomass combustion compared
with observations34,35 resulting in an overestimation of ﬁre
emissions by an average of 60%. Although developing the ﬁre
submodel to more accurately predict burn area was beyond the

a
Harvest rates in Oregon averaged 2% of forested area in 1997 http://www.oregon.gov/odf/pages/state_forests/frp/1997menu.aspx) and range from 1.5−3.0% in the land use history ﬁle constructed
from forest inventory data and remote sensing data sets.26 bFor the thin, clear-cut, and combined thin and clear-cut scenario, the harvest rates and treatment areas replace the current BAU management in
that grid cell. Because the treatment scenarios include a whole-tree harvest (nonmerchantable residues plus the conventional merchantable wood harvest), the result is an intensif ication of harvest per grid
cell rather than an increase in forest area harvested. cWest Coast clear-cut harvests generate merchantable bole wood at rates of 50−60% of the total wood harvested.60 The remaining biomass is
considering slash or harvest residues. For our bioenergy scenarios, we increase the removals by increasing the area of the grid cell that is harvested. The harvest area rates above result in an average of 85%
reduction in the grid cell stem biomass for the clearcuts and an average of a 35% reduction in stem biomass for the thins.58,59

2.2% per year
7 817 656

0.5% per year

two 45 year clear-cut rotations in productive
ecoregions with historical clearcutting
application of thin and clearcut scenarios above
clearcut

2 642 941

17% per year
4 578 689
three 30 year thinning rotations
thin

restrictions

varies by grid cell the harvest input ﬁle was not modiﬁed from the historical rates (1990−2010 rates)
and year
50%
nonreserved forestland, no roadless areas, current stand densities must be >300 trees per
hectare58,59
c
95%
nonreserved, no roadless areas, forestland capable of 10 Mg of merchantable wood per
hectare per year
50%, 95%
same as above for both
2.2% per yeara
continuation of current management practices.
BAU

7 817 656

grid cell harvest
areab (%)
total forest area
treated (%)
proposed treatable
area (hectares)
description
scenario

Table 1. Proposed Treatment Scenarios and Descriptions, Treatment Hectares As a Percent of Total Study Region Forested Area, Harvest Removal Rates (%), and Treatment
Land Area Restrictions
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Table 2. Increase or Decrease to Statewide Carbon Fluxes, Fire, and Harvest in Tg C yr−1 Due to Climate Change for the BAU
Scenario and the Diﬀerence between the Proposed Treatment Scenarios and Continuation of BAU
scenerio

NPPa

BAU
thin
clearcut
combined

13.3 ± 3.1 (+20%)
no change
no change
no change

Rhb
9.1
−0.5
−0.7
−1.2

±
±
±
±

1.2
0.3
0.4
0.6

ﬁre

NEPc
(+17%)
(−1%)
(−1%)
(−2%)

4.2
0.4
0.8
1.2

±
±
±
±

1.5
0.2
0.4
0.7

(+31%)
(+2%)
(+5%)
(+7%)

0.8
−0.1
−0.3
−0.4

±
±
±
±

0.5
0.1
0.1
0.2

NBPd

harvest
(+26%)
(−3%)
(−7%)
(−9%)

no change
1.1 ± 0.7 (+16%)
2.5 ± 1.2 (+38%)
3.6 ± 1.8 (+54%)

2.6
0.6
−1.5
−2.1

±
±
±
±

1.5
0.3
0.7
1.0

(+60%)
(−10%)
(−22%)
(−32%)

a

Net Primary Production (NPP) = Net plant growth after accounting for respiratory losses. bHeterotrophic Respiration (Rh) = Respired carbon by
microbial decomposition of dead plant material cNet Ecosystem Production (NEP) = NPP − Rh; Balance between net plant growth and microbial
respiration dNet Biome Production (NBP) = NEP − ﬁre − harvest; Land-based carbon sink or source strength after accounting for removals

were identiﬁed using published maps of current insect
mortality.40 Areas with low MFRI (<40 years), high stand
density due to ﬁre suppression, and areas potentially vulnerable
insect damage were chosen for the thinning scenarios in the
East Cascades and Blue Mountains and in high density areas of
the West Cascades. The grid cells selected for simulated
thinning were limited to areas where average FIA derived stand
densities are greater than 300 trees per hectare. Portions of the
Coast Range, Klamath Mountains, and West Cascades were
selected for clear-cut treatments. Only grid cells capable of
producing 10 Mg of merchantable wood per hectare per year
were treated. Old growth reserves and roadless areas, about
20% of the forested area, were excluded from all treatments.
The treatments replaced the current harvest rates for each
identiﬁed grid cell to ensure there was no spatial overlap of
current harvest rates with BAU conditions. For grid cells not
selected, the current harvest rates (BAU) remained the same.
To implement the proposed harvest treatments, we modiﬁed
the harvest area rates in the dynamic land use ﬁle used by
CLM4 as the prescribed harvest area rate per year (Table 1).
For the clear-cut harvests, the PFTs remained constant for each
grid cell treated. Thinning opens up forest canopies allowing
understory shrubs to grow, eﬀectively transferring overall stand
productivity to a diﬀerent PFT.41 To more adequately
represent vegetation dynamics following thinning, the PFT
grid cell weights were modiﬁed following a thinning harvest by
transferring 20% of the forested PFTs to the shrub PFTs and
transferred back to the forested PFTs in later years over a 20
year period. Finally, all results are summarized using the grid
cell averages for all PFTs present (i.e., competing shrub and
grassland area are included). However, we do only include land
area where the majority of the grid cell is considered forested,
which for this study in Oregon resulted in 12.8 million hectares.
Life-Cycle Assessment (LCA). Life-cycle assessments
consider forestry-related sources and sinks of carbon from
and to the atmosphere and the associated eﬀect on fossil fuel
emissions.42 A complete LCA includes the land-based carbon
(NBP), and tracks carbon losses in transport, manufacturing,
combustion, and fossil fuel substitution. In ref 17, we developed
the LCA approach to quantify net C emissions from wood use
and include changes regarding wood end-use, primarily the sole
conversion of wood to combined heat and power (CHP) versus
use as cellulosic ethanol. All proposed harvests include a
merchantable portion used for wood products and a nonmerchantable portion used for bioenergy. We included
potential mill use of current harvest residues as part of the
BAU scenario because up to 25% of harvest and mill residues
are already being used internally for bioenergy at some
processing facilities.43 The values associated with the eﬃciency
of wood product and energy conversion, energy inputs for
harvest, transport, and manufacturing, and displacement of

scope of this study, we were able to modify the combustion
coeﬃcients of the woody biomass to match our observations in
the region. This reduced modeled ﬁre emissions which is an
important component of the life-cycle assessment. Uncertainty
in emissions was reduced to within 10% of observed values.
Further development of the ﬁre model, including a ﬁre
suppression algorithm, would help alleviate the high bias in
burn area.
Model Simulations of Scenarios. We modeled future
carbon and nitrogen dynamics from 2010 to 2100 for the state
of Oregon located in the Paciﬁc Northwest region of the
United States using downscaled regional forcing data sets
representing moderate to high-impact climate warming and
CO2 concentration pathways (SI Table 2). After accounting for
the eﬀects of environmental change (N deposition, increased
atmospheric CO2, climate) and predicted burn area, we
modeled future forest carbon balance under four potential
management scenarios: (1) Continuation of BAU, (2) thinning
at-risk forests, (3) clear-cutting nonreserved productive forests,
and (4) combined thinning and clear-cutting strategies (Figure
1b,c and Table 1). BAU harvest rates were prescribed based on
harvest since the Paciﬁc Northwest Forest Plan was
implemented in 1990, when they declined on publically
owned forestland, but have remained relatively stable36 since
2000. The thinning and clear-cut strategies were simulated to
represent “whole-tree” harvests, where the nonmerchantable
wood was removed and used as a bioenergy feedstock.37 For
the thin, clear-cut, and combined thin and clear-cut scenario,
the harvest rates and treatment areas replace the current BAU
management in that grid cell. Because the treatment scenarios
include a whole-tree harvest (nonmerchantable residues plus
the conventional merchantable wood harvest), the result is an
intensiﬁcation of harvest per grid cell rather than an increase in
forest area harvested. Treatment years were staggered so that
no more than 2.2% of the total forested area was treated each
year to be consistent with average regional harvest rates and
current mill capacity in the study region (http://www.oregon.
gov/odf/pages/state_forests/frp/1997menu.aspx).
Identiﬁcation of Treatment Areas. We deﬁne “at-risk”
forests as those susceptible to drought, ﬁre, or insect outbreaks.
We designed the strategies based on current and pending
Oregon forest management plans for using nonmerchantable
wood as a bioenergy feedstock9,38 and the “land sparing and
sharing” strategy proposed to thin at-risk forests, clear-cut
young forests, and preserve old forests.30
Grid cells were identiﬁed for treatment harvests based on
their current productivity, mean ﬁre return interval (MFRI),
projected susceptibility to insect-related mortality, and stand
density. Forest inventory data were used to calculate
productivity and stand density, MFRI was obtained from the
LANDFIRE database,39 and potential insect mortality areas
13135
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emissions increase by an average of 26%. Despite increases in
ﬁre emissions and continued harvest removals, regional NBP
increases by an average of 60% resulting in increased forest C
storage.
By the end of the 21st century, regional nitrogen deposition,
precipitation patterns, and relative humidity do not change
signiﬁcantly (SI Figure 1) and therefore changes in predicted
long-term C dynamics are because of climate warming, CO2
fertilization, and/or disturbance. Here, we ﬁnd that CO2enhanced productivity is not limited due to sustained increases
in regional gross N mineralization and the balance between
NPP and Rh is altered so that NBP increases. This is consistent
with historical simulations in the southeast U.S., where forests
switched from being a C source in the early 1900s to a
signiﬁcant sink in recent decades primarily because of CO2
fertilization and N deposition.45
Stand-replacing disturbances through ﬁre and harvest
generally have signiﬁcant eﬀects on NBP and depending on
increased disturbance intensity, can reduce long-term forest
carbon storage (NBP) because removals exceed gains.46 In
Canadian forests, future model projections found that
disturbance intensity and frequency would outweigh the
positive eﬀects of environmental change on NBP and reduce
net C storage over time.47 Our results for the Paciﬁc Northwest
forests in Oregon, suggest the opposite. Sustained increases in
NPP exceed the projected eﬀects of ﬁre and harvest on
landscape level carbon uptake, resulting in a mean state-wide
increase in NBP. This was particularly evident in the drier
ecoregions in the eastside of the state (Blue Mountains and
East Cascades), where a substantial increase in NBP was
simulated despite an increase in ﬁre emissions (Figure 3c),
suggesting the ecosystems are beneﬁtting from increased water
use eﬃciency with CO2 fertilization. Contrary to the regional
pattern, NBP decreases in the Klamath Mountain ecoregion
because of a proportionally higher increase in ﬁre emissions
compared to the other ecoregions. There is uncertainty in
model sensitivity to drought stress, and ability to simulate
drought-related mortality in the drier ecoregions. Hence, it is
possible that simulations result in unrealistically high
productivity in response to increased atmospheric CO2 in the
dry ecoregions. Signiﬁcant model development on root and
stem hydraulic conductivity will be necessary to improve model
results.
CLM4 regional burn area increases by 15% by the end of the
century, increasing ﬁre emissions from 3.2 to 4.0 Tg C yr−1
(Table 2), consistent with predictions from diﬀerent model
simulations in the region.48 Diﬀerent climate scenarios with
more prolonged drought, insect-related mortality, and ﬁre
beyond what was predicted in this study could reduce the gains
in NPP and weaken the baseline NBP sink, however it is
unlikely NBP would weaken enough to become a net source of
CO2 to the atmosphere.
Intensiﬁed Management Strategies Reduce LongTerm C Gain Compared to BAU. In contrast to the results
of BAU management, we ﬁnd an overall decrease in NBP for
the intensiﬁed management scenarios by the end of the 21st
century. Cumulative regional NBP is reduced by 10, 22, and
32% compared to BAU for thinning (Table 2 and Figure 2d;
green), clearcuts (red), and combined treatments (gold),
respectively. Over the 90-year simulation period, summed
harvest removals of biomass are greater than BAU by 15, 38,
and 54% for thinning, clear-cut, and combined scenarios,
respectively (Table 2). The treatments had less impact on ﬁre

fossil fuel emissions depend on the site location, facilities
available, fossil fuel source, wood products produced, land ﬁll
input rates, wood product substitution and many others. We
varied the coeﬃcients for several of the life-cycle factors to
incorporate the range of observed to potential eﬃciencies and
provide a sensitivity analysis of the results (see LCA details in
SI). We combined the range in projected climate impacts with
the sensitivity analysis using the propagation of error
approach44 to provide uncertainty estimates of our ﬁnal net
C emissions (see SI methods).

■

RESULTS AND DISCUSSION
Long-Term Forest Carbon Storage Increases with
BAU Management. The mean response of carbon dynamics
to regional climate and environmental change results in larger
increases in NPP than Rh, with the net eﬀect of a 31% increase
in net ecosystem production (NEP) for BAU by the end of the
21st century (Table 2, Figure 2a,b). Increases are larger in the
semiarid eastern ecoregions compared to the western mesic
ecoregions (Figure 3). BAU harvest is current observed harvest
levels and assumed to remain constant such that there is no
diﬀerence in harvest removals, while CLM4-predicted ﬁre

Figure 2. Combined annual eﬀects of environmental change (climate,
CO2 fertilization, and N deposition) and management on (A) NPP
(solid lines) and Rh (dotted lines, (B) NEP, (C) Fire (dotted lines)
and Harvest (solid), and (D) NBP. Each of the proposed management
scenarios and BAU are included (BAU = blue, thinning = green,
clearcut = red, and combined thinning and clear-cut = gold). For
clarity, the values were smoothed using a 10-year running average and
uncertainty bands are not shown.
13136
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Figure 3. Mean ecoregion level current, future, and change in NBP from the climate and RCP scenarios by the end of the 21st century. The delta is
the cumulative increase or decrease for each ﬂux from 2010−2099 and is not a comparison between the ﬁrst decade and the past decade. This
represents the total change over the 90 year period and includes the interannual variability. Ecoregions: CR = Coast Range, KM = Klamath
Mountains, EC = East Cascades, WC = West Cascades, BM = Blue Mountains, CP = Columbia Plateau, and NB = Northern Basin.

emissions with 3, 7, and 9% reductions compared to BAU.
These results emphasize that treatment-associated increases in
NEP and reductions in predicted ﬁre emissions do not
compensate for the carbon lost due to the wood removals
over the 90-year period, leading to the cumulative decrease in
NBP.
For each of the management strategies, NEP decreases
compared to that of BAU harvest rates in the ﬁrst 30 years of
the simulation period and increases in the last 30 years,
resulting in a slight net increase in cumulative forest net C
uptake (Figure 2b). There is some evidence that the
combination of increased NEP due to climate warming and
CO2 fertilization and increased NEP due to reduced Rh in the
scenarios is contributing to a period of increased NBP
compared to BAU in the past decade of the simulations. The
largest reductions in NBP due to the treatments occur in the
ﬁrst part of the century when there is more wood available for
harvest, but NBP begins to increase by the end of the 21st
century because of a decline in subsequent harvest removals
(Figure 2c). Prescribed harvest rates were the same for each
harvest cycle (∼85% of live biomass for clearcuts and ∼35% of
live biomass for thinning), however because live biomass
carbon had not recovered to initial conditions before the
second treatment, harvest removals declined. That is, repeated
harvest at these rates, <2.2% of forest area annually, were
unsustainable.49 This is important because the rotation lengths
will be determined by both ﬁre prevention measures (20 years
is optimal eﬀectiveness50) and wood available to meet demands
for products and energy. Sustainable harvest strategies for
meeting bioenergy and wood product demands will need to
account for the initial harvest carbon debt because it is not fully
resequestered in forest biomass over the next century.20 About
25−50% of these losses can be recouped oﬀsite in wood
products and substitution of fossil fuels with bioenergy (see
LCA methods in the SI).
Intensiﬁed Management Increases Long-Term Net C
Emissions to the Atmosphere. The LCA is needed to track
carbon that has left the forests and to compute the ﬁnal net
eﬀect on emissions. The management strategies examined here
lead to long-term increased carbon emissions over current
harvesting practices, although semiarid regions contributed very
little to the increase. None of the intensiﬁed management
scenarios reduce state-wide C emissions to the atmosphere by
the end of the 21st century (Figure 4a) after accounting for
model uncertainty. Overall, the more intensive clear-cut and

Figure 4. Total statewide and subregional change in net C emissions
to the atmosphere summed over (A) 2011−2100, (B) from 2011−
2040, and (C) 2071−2100 compared to BAU for each management
scenario in Tg C. Error bars indicate the estimate uncertainty
calculated as the propagated error of the LCA sensitivity analysis,
modeled ﬂux uncertainty, and the climate scenarios where parameters
were varied according to the reported known range.

combined scenarios increase state-wide emissions to the
atmosphere compared to BAU harvest rates over the 90 year
period. Over half of the increase in emissions occurs in the ﬁrst
part of the century (Figure 4b), while decreases in the last 30
years (Figure 4c) reduce the overall impact of all three
scenarios. Spatially, net carbon emissions are signiﬁcantly
increased in the mesic westside ecoregions (Figure 4a), whereas
there is no signiﬁcant net increase in the semiarid portion of the
region for all management scenarios. Similar to the state-wide
results, the majority of the increases for the all three scenarios
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are in the ﬁrst 30 years of treatments whereas emissions are
reduced compared to BAU in the last 30 years (2070−2100) in
all ecoregions, partly because harvest rates were not sustainable
and were reduced in the subsequent treatment cycles due to
lack of available wood that met harvest criteria. Therefore, the
increase in state-wide emissions is mainly driven by conditions
in the mesic ecoregions.
Implementation of intensiﬁed management strategies (thinning, clear-cut, and combined scenarios), do not result in net
statewide reductions to carbon emissions over the next 90 years
despite inclusion of all wood product and bioenergy
substitutions. This is consistent with results from similar
studies in other regions19,21,51,52 and contrary to other studies
that do not account for the baseline sink or climate
change.37,53,54 It is important to note that oﬀ-site emissions
may have been underestimated because we did not account for
CO2 emissions associated with building roads and infrastructure
into the forests for repeat thinnings (http://www.oeconline.
org/our-work/economy/sustainablebiofuels/chapter6). Estimates of infrastructure emissions range from 3 to 25% of
total life-cycle emissions of fossil fuel and bioenergy
production.55
We have quantiﬁed model uncertainty, used a range of
environmental change scenarios, and conducted a sensitivity
analysis of the LCA factors to compute an overall uncertainty
for our net emission estimates (see SI methods). After
accounting for uncertainty, the management-associated increases in net carbon uptake (NEP), reduction in ﬁre emissions,
and associated wood product sinks and substitutions are not
suﬃciently large enough to balance the life cycle emissions of
wood bioenergy by the end of the 21st century. For the less
intensive thinning treatment in the semiarid ecoregions, the
management scenario does not increase net C emissions
compared to BAU, and emissions reductions are being realized
by the end of the 21st century. This indicates that the longterm eﬀects of intensiﬁed management for bioenergy combined
with environmental change may decrease CO2 emissions to the
atmosphere in the semiarid ecoregions. However it takes nearly
60 years for the net C emissions trend to become mostly
positive, primarily because of the subsequent harvest removals.
If the bioenergy treatments were only implemented in the
semiarid Blue Mountains and East Cascades, then total statewide emissions may not increase by the end of the 21st century
compared to an increase of 102 ± 26 Tg C if all ecoregions are
treated.
Management Implications. The approach of integrating
ecoregion-speciﬁc model-data analysis and a complete LCA
provides a framework for place-based assessments of potential
management eﬀects on future carbon sequestration by forests
in other regions. Policy and management plans need to
consider the land-based sink in addition to oﬀ-site wood usage
when evaluating options for bioenergy from forest biomass. In
this study, all of the scenarios signiﬁcantly increase long-term
state-wide CO2 emissions with the majority of the emissions
produced from the intensiﬁcation of management in the more
mesic ecoregions of the western third of Oregon. The thinning
scenario in the semiarid ecoregions may not increase emissions
compared to BAU, and shows that in some areas with a dry
climate and large fuel supply, fuels reduction may be useful,
although our emissions estimates associated with management
are likely low due to lack of accounting for building of roads
and infrastructure for repeat thinning. The clear-cut and
combined management scenarios are examples of “slow in and

fast out” where consumption (increased emissions from
bioenergy) exceeds growth,56 such that forest carbon that
took decades to centuries to accumulate is rapidly lost to the
atmosphere through harvest for bioenergy. The greatest
concern is the impact of intensive management for bioenergy
on soil fertility, biodiversity, and other ecosystem services. If
soil fertility is impacted and fertilization used, then it would add
nitrous oxide emissions (N2O) to the atmosphere, another
potent greenhouse gas that would exacerbate the emissions
problem. This has not been adequately addressed in analyses
thus far.49,57
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