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a  b  s  t  r  a  c  t

This  study  evaluated  the  potential  effectiveness  of future  carbon
reserve  scenarios,  where  U.S.  forest  landowners  would  hypothet-
ically  be paid  to  sequester  carbon  on  their  timberland  and  forego
timber  harvests  for 100  years.  Scenarios  featured  direct  payments
to  landowners  of $0 (baseline),  $5, $10,  or $15  per  metric  ton  of
additional  forest  carbon  sequestered  on  the  set  aside  lands,  with
maximum  annual  expenditures  of  $3  billion.  Results  indicated  that
from  1513  to  6837  Tg  (Teragrams)  of  additional  carbon  (as carbon
dioxide  equivalent,  CO2e)  would  be  sequestered  on  U.S.  timber-
lands  relative  to the  baseline  case  over  the  next 50 years  (30–137
Tg  CO2e  annually).  These  projected  amounts  of  sequestered  car-
bon  on  timberlands  take  into  account  projected  increases  in  timber
removal  and  forest  carbon  losses  on  other  timberlands  (carbon
leakage  effects).  Net  effectiveness  of  carbon  reserve  scenarios  in
terms  of  overall  net  gain  in  timberland  carbon  stocks  from  2010
to  2060  ranged  from  0.29  tCO2e net  carbon  increase  for a payment
of  $5/tCO2e  to the landowner  (71%  leakage),  to  0.15  tCO2e net  car-
bon  increase  for  a  payment  of $15/tCO2e to the  landowner  (85%
leakage). A policy  or program  to  buy  carbon  credits  from  landown-
ers  would  need  to discount  additions  to the  carbon  reserve  by the
estimated  amount  of  leakage.  In  the  scenarios  evaluated,  the timber
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set-asides  reduced  timberland  area  available  for harvest  up  to  35%
and available  timber  inventory  up  to 55%,  relative  to the  baseline
scenario  over  the  next  50  years,  resulting  in  projected  changes  in
timber  prices,  harvest  levels,  and  forest  product  revenues  for the
forest products  sector.

©  2013  Elsevier  GmbH.  All  rights  reserved.

Introduction

Forests draw carbon from the atmosphere in the process of photosynthesis, and the carbon may
remain stored for long periods in trees and other forest vegetation (in above- and belowground biomass
and in forest soils) and in forest products in use or in landfills. Because of such capacity to store car-
bon, interest in using forests for climate change mitigation has been growing, and several strategies
to use forests for achieving mitigation goals have been suggested. For example, avoiding deforesta-
tion or protecting existing forests, planting new forest area, decreasing harvest intensity, increasing
forest growth, forest thinning to reduce fire threat, increasing carbon storage in harvested wood
products (HWP), using wood biomass for energy to replace fossil fuels, and substituting wood for
fossil-fuel-intensive products are important forest-related strategies that can contribute to climate
change mitigation (Malmsheimer et al., 2011; McKinley et al., 2011; Ryan et al., 2010).

The U.S. forest sector is considered to have a substantial potential to contribute to climate change
mitigation (U.S. EPA, 2011; Heath et al., 2010; Perlack et al., 2005), primarily through improved forest
management and afforestation. The capacity of the U.S. forest sector to mitigate climate change by car-
bon sequestration that offset atmospheric greenhouse gas (GHG) emissions could be augmented by the
implementation of appropriate government incentives and/or policy and programs, and such policies
may  affect the forest management choices of forest landowners. For example, a rational landowner
may  accept or reject carbon offset contracts involving timber set-asides depending on the perceived
opportunity costs (Van Deusen, 2010; Sohngen and Brown, 2008) of timber harvest versus carbon off-
set payments. Once the landowner decides to enter into carbon contracts involving timber set-asides,
the qualified tracts of lands entering into the contract are likely to be withdrawn from harvests,1 which
can also impact forest product markets in several ways.

For example, according to economic theory, restricting timber harvest on some lands via voluntary
set aside contracts would decrease the nationwide shares of timberland area and timber inventory
available for harvest; shift timber harvest to other lands without set aside contracts; increase timber
prices and forest product prices; decrease forest product production, consumption, and net exports;
and decrease forest sector employment and profitability (Latta et al., 2011; Wong and Alavalapati,
2002). This is because the expected market effects of reduced availability of timberland area and
timber inventory for timber harvest are to generally reduce timber supply and increase timber prices,
which can be conceptualized as a leftward shift of the available timber supply curve within a given
region (Fig. 1). This study aims to assess the broad U.S. timber market impacts and forest product
market impacts of timber set-asides by estimating changes in timber supply and prices, and resulting
impacts on forest product revenues, due to hypothetical government programs that would pay forest
landowners to voluntarily forego timber harvest and accumulate forest carbon. In addition, the study
aims to assess the carbon leakage effects of such voluntary timber set-aside programs, by assessing the
changes in timber harvest and timber removals that would occur on remaining timberlands without
set-aside contracts.

More specifically, this study seeks to answer two questions: what are long-term net impacts on (a)
carbon sequestration and (b) forest product markets of a hypothetical program that would pay some
U.S. forest landowners for carbon accumulation on their lands by voluntarily setting aside timberland

1 It may  be possible that future carbon policy would allow some forms of harvests in the contracted timberland (e.g., to
maintain productivity). However, here we focus on the possibility of long-term harvest withdrawal (avoiding harvest for at
least  100 years).
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Fig. 1. A theoretical shift of regional timber supply curve (S0 to S1) due to timber set asides, and new market equilibrium price
and  quantity (P1 and Q1).

as carbon reserves for at least 100 years2 avoiding timber harvest on set aside land? To answer these
questions, we developed hypothetical scenarios that we  could analyze using the U.S. Forest Products
Module (USFPM) (Ince et al., 2011a,b)) and Global Forest Products Model (GFPM) (Buongiorno et al.,
2003) modeling system. The scenarios simulate the market impacts of a voluntary program for forest
landowners who set aside their timberland with direct payments for future increases in forest carbon
sequestration relative to baseline regional forest carbon stocks. In general, reducing timber harvest in
order to increase regional forest carbon stock is one of the recognized strategies to use forests for CO2
sequestration or climate change mitigation. Climate change mitigation benefits of timber set-asides
can arise if additional atmospheric carbon is sequestered and regional average forest carbon stocks
increase when trees are not harvested.

However, timber set asides can also result in more pressure to harvest timber on the remaining
available timberland that is not under carbon contract, reducing the net gain in total forest carbon
sequestration. This “leakage effect”, is important in determining the cost effectiveness of climate
change mitigation policies and carbon offset strategies. Generally, a carbon offset credit can be given
only for additional carbon sequestered, net of any leakage effects. Thus, to understand the true miti-
gation benefit of alternative scenarios, we compute the total forest carbon accumulation, in both the
available and unavailable (timber set-asides) portions of timber inventory, and we compare that to
the total cost of timber set-aside payments.

In this study, we produced 50-year projections (2010–2060) of the U.S. timber market impacts of
hypothetical large-scale voluntary timber set aside payments, in the context of a forest product market
baseline (business-as-usual) scenario. The baseline scenario assumes no timber set aside payments,
whereas the alternative scenarios allow some timberland area to be set aside voluntarily as carbon
reserves, with no harvest on the set-aside lands for 100 years, in return for carbon payments. The
amount of timberland that landowners would set aside voluntarily was  estimated based on a rational
expectations model, with analysis of the net present value to landowners of expected timber harvests
versus carbon offset payments over a 100-year period. The value of timber harvests were determined

2 A 100-year commitment period is consistent with the required commitment period under the current forest carbon offset
protocol of Climate Action Reserve (CAR) (CAR, 2010).
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by endogenously projected timber price and timber harvest quantities, whereas the total value of car-
bon offset payments over time were determined by projected forest growth and carbon accumulation
on set aside lands, using the assumed carbon offset payments per ton of CO2e and the annual budget
available for carbon purchase.

We  describe results of the alternative scenarios in terms of their net projected CO2 mitigation bene-
fit (increased carbon storage relative to our baseline scenario on all timberland, both with and without
set-aside payments), total expenses required to achieve mitigation benefits, remaining timberland
area and timber inventory available for timber harvests, projected changes in market equilibrium
timber stumpage prices, harvest volumes, and total forest products revenues. The overall objective
of this study was thus to provide meaningful information related to long-term economic impacts of
climate change mitigation efforts involving timber set-asides, including specifically the timber market
implications of timber set-asides under alternative scenarios, to policy makers and other stakeholders
who may  be interested in the concept of using forests to mitigate climate change.

Methods

This study integrated a set of forest sector models to evaluate long-term carbon sequestration ben-
efits, effective costs, and timber market implications of three alternative timber set aside scenarios
over a 50-year projection period relative to a baseline scenario (without timber set asides). The base-
line scenario featured economic projections from 2006 to 2060 for U.S. forest product markets and
timber demands. The baseline scenario and all alternative scenarios included deep impacts on timber
markets of the recent recession and downturn in housing construction since 2006. The scenarios all
incorporated the most recent (2011) USDA Economic Research Service macroeconomic projections of
future trends in real gross domestic product (GDP) and population growth (to 2030) for all countries
worldwide (USDA ERS, 2012). We  extrapolated those macroeconomic trends to extend our model
projections from 2030 to 2060. The scenarios also included our latest updated outlook for U.S. housing
construction, with a projected gradual rebound of single-family housing starts from recent depressed
levels to a long-term trendline at around 1.1 million annual starts by 2015 and beyond.

For the purpose of analysis the three scenarios featured hypothetical government programs, each
with a maximum annual expenditure level (in constant 2006 dollars) of $3 billion ($1 billion for each
U.S. region) available after 2010 for purchase of timber set aside contracts, with the scenarios fea-
turing one of three carbon payment levels for the additional carbon sequestration on set aside lands,
at $5, $10, or $15 per metric ton of carbon dioxide equivalent (CO2e). The three alternative carbon
payment scenarios were named “Carbon-5”, “Carbon-10”, and “Carbon-15”, respectively. In order to
assess the carbon leakage effects, the direct carbon payments to landowners are only for additional
carbon sequestration on contract lands, and we  compute separately the carbon flux (loss) on non-
contract timberlands. The integrated modeling approach involved projecting for each scenario (a) the
U.S. timber growth and inventory on both the set-aside timberland and the remaining timberland that
is still available for harvest, (b) annual market equilibrium timber harvest quantities and prices, (c)
area of timberland set-aside as carbon reserves, (d) quantity of carbon accumulation in tree biomass
on all timberland, both set-aside and not set-aside, and (e) cost effectiveness of climate change miti-
gation efforts for each alternative scenario taking into account leakage effects. Fig. 2 shows the overall
modeling approach and model flow, and the following section describes individual models and their
roles in our analysis.

Projecting timber growth and inventory

A spreadsheet model was developed to project U.S. regional timber growth and timber inventory
for both set aside and non-set aside timberland for hardwood and softwood timber growing stock. The
timber inventory available for harvest in a given year was  projected by adding projected timber growth
to the previous year’s timber inventory, and subtracting USFPM/GFPM projected market equilibrium
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Fig. 2. Flowchart summarizing individual model components and their flow in evaluating climate change mitigation and forest
product market implications of carbon reserve scenarios in the United States.

timber growing stock harvest quantity from the inventory on the available portion of timberland as
follows:

AIt = AIt−1 + GAIt − Ht − SAt (1)

where AIt is the current year available inventory, AIt−1 is last year’s available inventory, GAIt is the
annual increment of timber growth for available inventory (net of mortality), Ht is the timber harvest
from available inventory, and SAt is volume of inventory on timberland that is set-aside because of car-
bon payments and becomes unavailable for harvest. Inventory in the set-aside timberland (unavailable
for harvest) was projected using the following equation:

UIt = UIt−1 + GUIt + SAt (2)

where UIt is the current year total inventory that is unavailable for harvest, UIt−1 is last year’s unavail-
able inventory, GUIt is the annual timber growth for the set-aside unavailable inventory, and SAt is the
volume of inventory set-aside due to current year carbon payments. The annual timber growth (net of
mortality) for timber growing stock was predicted as a non-linear function of regional timber growing
stock density (timber inventory divided by timberland area) as described in Nepal et al. (2012a) and
Turner et al. (2006):

Gi = (  ̨ + ˛1Pi)(Si)
� + ui (3)

where Gi is net annual growth (net of mortality) as percentage of growing-stock inventory (%/yr) in
county i, Si is growing-stock density (m3/ha) (growing-stock inventory divided by timberland area)
in county i; Pi is proportion of area in plantations in county i;  ̨ and � are parameters; and ui is an
error term. Because the growth model in Eq. (3) predicts average timber growth by species groups, it
assumes that forests of each tree species group in each region are homogenous. However, the hetero-
geneity in site productivity and age classes is represented by the growing stock density parameter (Si)
that changes each year due to changes in inventory, growth and timberland area. Functional param-
eters for this timber growth model were estimated by region using cross-sectional county-level data
on percentage annual growth and growing stock densities as described in Nepal et al. (2012a). The
estimated parameters are presented in Appendix 1 (Table A1).

In addition, projected changes in total U.S. regional timberland area were exogenously applied to
our model and were based on forest land area projections of USDA Forest Service 2010 RPA summary
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report (USDA Forest Service, 2012)3. The land area projections indicate gradually declining forest area
in all U.S. regions over the next 50 years, primarily as a result of suburban encroachment and land
development. Thus, our analysis assumes a gradually declining overall U.S. forest land base, and within
that receding forest land area we project the shares of timber growing stock inventory that would be
set aside in carbon reserve contracts and the growing stock that would remain available for harvest.
In addition, we assumed an expansion in pine plantation area in the U.S. South to 21 million ha by
2060 from a current level of about 16 million ha, as projected for A2 scenario in USDA RPA summary
report (USDA Forest Service, 2012).

Projecting market equilibrium timber harvest quantity and price

The annual market equilibrium timber harvest quantities and timber stumpage prices were pro-
jected using the USFPM/GFPM model (Ince et al., 2011a,b). The USFPM is a sub-model of the U.S. forest
sector and regional U.S. timber markets that operates within the larger partial market equilibrium
framework of the GFPM (Buongiorno et al., 2003). Within the USFPM/GFPM modeling framework, the
market equilibrium timber harvest quantity and price for a given year are estimated by maximizing
total producer and consumer surplus of the entire forest sector, based on Samuelson’s optimization
approach to regional market modeling (Ince et al., 2011a,b; Buongiorno et al., 2003). For a particular
year, timber supply in USFPM/GFPM is estimated using a Cobb–Douglas functional form defined by
the following equation (Buongiorno et al., 2003):

Sik = S∗
ik

(
Pik

P(ik−1)

)�ik

(4)

where S* is current timber supply at last period’s timber price (P) and � is price elasticity of supply
(Table A2). Timber supply curve shifts over time, with the level of inventory and other specified vari-
ables, and their corresponding supply elasticities. In this study, the supply curve is shifted using an
inventory elasticity of 1.0 based on the logic that supply of timber is proportional to physical vol-
ume  of timber inventory available in the forest, which is consistent with several other studies (e.g.,
Abt et al., 2012; Ince et al., 2011b). The price elasticity of supply in USFPM/GFPM was  estimated for
four categories of timber (softwood sawtimber, softwood non-sawtimber, hardwood sawtimber, and
hardwood non-sawtimber) in each of the three U.S. regions (North, South, and West) using methods
described in Ince et al. (2011a). Briefly, for the South, supply functions were constructed by summariz-
ing several simulations of harvest responses as modeled by an econometric model of harvest choices
(Forest Dynamics Model, FDM), for all FIA plots in 13 southern states (Polyakov et al., 2010). The
FDM estimates the probability of harvest as a function of potential revenue for harvest or for delaying
harvests. Such regional harvest response obtained from several simulations is then aggregated using
constant elasticity models for each period to provide estimates of the aggregate South-wide timber
supply elasticities (Ince et al., 2011a). For the North and the West the price elasticities were derived
using a time-series model of timber harvest as a function of timber stumpage price and other ‘shifter’
variables (Ince et al., 2011a).

Enrollment in carbon reserve contracts reduces timber inventory available for harvest, shifting
timber supply curve to the left. We  developed a spreadsheet based timber growth and inventory
submodel (described in Section “Determining amount of timberland area set aside as carbon reserve”)
to estimate the reduction in available timber inventory due to carbon reserve contract, which was
linked to the USFPM/GFPM via iterative solution procedure. The iteration procedure involved using
projected U.S. regional timber harvests from USFPM/GFPM in the spreadsheet-based timber growth
and inventory submodel, which in turn provided updated regional timber inventory projections to shift
regional timber supply curves in the USFPM/GFPM (using an inventory elasticity of 1.0). The models
were run iteratively in this manner until they converge on stable equilibrium solutions for projected
harvest and inventory (usually requiring less than a dozen iterations). This iterative procedure has

3 We  used the land area projections of the 2010 RPA A1B scenario to adjust our regional timberland area.
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been used in other forest sector models where submodels exchange projections and converge to
stable solutions (e.g., Haynes et al., 2006).

Determining amount of timberland area set aside as carbon reserve

We  modeled the choice of U.S. timberland owners to retain timber harvest rights or to forego
harvest for carbon sequestration payments on the basis of rational expectations of future revenues
and relative opportunity costs (Van Deusen, 2010; Sohngen and Brown, 2008). The opportunity cost for
timber set-aside by carbon reserve contract is the present value of future timber harvests foregone.
In theory, a rational landowner would choose to enroll in a carbon contract only if the landowner
believes that the expected present value of entering the carbon contract is higher than the expected
present value of future timber harvests.

For a given year, the present value of expected future timber harvests and carbon sequestration
payments are computed for a 100-year period ahead, based on average initial timber growth rates
and harvest levels for each U.S. region. Similarly, the present value to the landowner of projected
carbon reserve payments are computed for a 100-year period ahead, based on the additional carbon
accumulation above baseline regional average carbon stocks. The analysis used a discount rate of 5%
and the values are expressed in real 2006 U.S. dollars.

Our analysis of landowner choices approximates the guidelines of the leading forest carbon pro-
tocol in North America (the Climate Action Reserve Forest Project Protocol (CAR, 2010)). Under the
CAR protocol, the forest landowner receives carbon sequestration credit only for carbon accumula-
tion that is above a baseline carbon stocking level called the “common practice” baseline, which is
defined specifically as the average standing above-ground live carbon stocks on similar lands within
the project’s assessment area or region. Accordingly, our analysis of landowner choice and projected
carbon payments are for projected carbon accumulation above baseline carbon stocks that are the
regional average stocking levels.

For this comparison, we projected average timber harvest quantities per hectare 100 years
ahead using a trendline of the immediate past 20 years of timber harvest quantity along with the
USFPM/GFPM projected timber stumpage prices based on the logic that landowners would antici-
pate future harvest volumes similar to recent past trends, and prices similar to those projected by
the economic model. The 100-year carbon payments were estimated based on projected net annual
timber growth and carbon accumulation above the baseline average stocking levels, with our growth
formula taking into account average rates of natural mortality and natural forest disturbances (such as
wildfire), thus ensuring a degree of permanence to the projected carbon sequestration. The resulting
additional carbon sequestration above baseline levels on set-aside lands was  priced at one of three
exogenous payment levels ($5, $10, or $15 per t of additional CO2e sequestered on the set aside land,
depending on the scenario), with an overall annual expenditure limit of up to $3 billion, assumed
to be available for carbon purchase each year. This $3 billion budget limit was equally distributed
among each U.S. region (up to $1 billion per year). The range of carbon payment levels ($5 to $15
per tCO2e) is consistent with carbon prices used in the economic analyses of forest carbon by other
researchers (Nepal et al., 2012b; Latta et al., 2011; Adams et al., 2011; U.S. EPA, 2009; Huang and
Kronrad, 2006). The $3 billion annual budget constraint ($1 billion for each U.S. region) is simply a
hypothetical assumption that we adopted for analytical purposes, and does not relate to any actual or
proposed government program or policy. The budget constraint limits the amount of timberland that
can be enrolled in set-aside contracts each year. An expenditure constraint is realistic, because funding
for any carbon reserve program will undoubtedly be limited to some extent, and it is necessary also
to limit the purchase of timberland set asides because without an expenditure constraint the model
would immediately enroll all available timberland for set asides whenever it is economical to do so.

The enrollment in carbon reserve contracts and the carbon payment mechanism envisioned in this
study is similar to the U.S. federal Conservation Reserve Program (CRP; Plantinga et al., 2001; Babcock
et al., 1996; Osborn et al., 1995), a program implemented during 1980s and 1990s where eligible farm-
ers could submit bids to enroll their erodible farmland for 10-15 year set-aside contract. The acreage
would be maintained in a conservation use with appropriate vegetative cover and no commercial
crop harvest, grazing, or hay production. Landowners would receive annual rent payments specified
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in the accepted bid. Our analysis assumes a similar program where landowners would have a choice
to enroll in the long-term timber set-aside for carbon sequestration at given carbon price levels or to
retain timber harvest rights, with their decision based on their expected timber revenue and carbon
payments for the next 100 years. We  assumed for simplicity of analysis that once timberland became
enrolled in the timber set aside carbon reserve program, it would not be available for timber harvest
for the remainder of the projection period (at least 100 years). The government would accept low
bids for 100 years’ worth of carbon accumulation on given land areas (e.g., $5/tCO2e, $10/tCO2e, and
$15/tCO2e) until the expenditure cap (e.g., $1 billion in each U.S. region) is exhausted for a particular
year. The $3 billion could be placed in a fund and used to make annual payments for carbon accumu-
lation over 100 years on the land that is set aside in the current year. The carbon prices are specified
in 2006 dollars but would increase at the rate of inflation. The models make projections using real
dollars. The annual expenditure cap will allow less timberland area to be enrolled in a given year at
a higher carbon price. With a limited budget, a higher carbon price would more quickly exhaust the
available budget, consequently allowing fewer acres to be enrolled compared to the case when carbon
prices were lower.

Given the timber inventory volumes that are set aside for carbon sequestration under the hypo-
thetical carbon reserve program, the spreadsheet model then determines how much timber inventory
remains available for harvest after the set aside and after other projected changes in forest land area
due mainly to urbanization. The loss of forest land area to urbanization and other land uses in the
baseline scenario is an exogenous projection that remains the same across all of the alternative carbon
payment scenarios, since urbanization is driven primarily by overall economic growth assumptions
that are the same in all of the scenarios. The net changes in available timber inventory estimated by
spreadsheet inventory model, in turn, are linked to USFPM/GFPM that shifts the USFPM/GFPM tim-
ber supply curves in U.S. regions (using an inventory elasticity of 1.0). Through a series of iterations
with the spreadsheet inventory model, and the USFPM/GFPM market model, we  obtained market
equilibrium timber harvest, inventory, and prices for each year.

Estimating and projecting tree biomass carbon

This study projected the total quantity of carbon sequestered in tree biomass on all U.S. timberland4

for the baseline scenario and for the three alternative scenarios (with carbon sequestration payments).
Total tree biomass carbon represents all standing live and dead above- and belowground tree biomass
carbon in trees larger than 2.5 cm diameter at breast height (dbh) on timberland. In the context of
carbon analysis, the total tree biomass carbon pool on timberland is most relevant to consider because
this pool accounts for the largest share of total carbon stock in U.S. forests, about 60% (McKinley et al.,
2011; Ryan et al., 2010) and also because the existing carbon offset protocols recognize tree biomass
carbon as eligible for carbon offset credit5.

The merchantable timber growing stock volume was converted to total tree biomass weight using
regional average ratios of total biomass weight to merchantable volume (Nepal et al., 2012c), based
on data from the FIA database (Miles, 2011) on total tree biomass weight and growing stock volume
in U.S. timberlands.

Biomass dry weight was multiplied by 0.5 to estimate carbon weight (dry wood biomass is approx-
imately 50% carbon) and then we converted to CO2 equivalent based on molecular weight (U.S. EPA,
2011). The above- and belowground tree biomass estimates include tree bole, tops and limbs, saplings,
stump, bark, and coarse root biomass of all live and standing dead trees above 2.5 cm dbh but do not
include foliage biomass (Miles, 2011).

4 Timberland is forest land that is open to commercial timber harvesting and is capable of a minimum timber growth rate
(Smith et al., 2009).

5 Although carbon stored in harvested wood products is also eligible for credits under CAR, we do not consider payments for
harvested wood products carbon in this study because the set-aside lands are assumed to be fully withdrawn from harvests.
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Determining cost effectiveness of alternative scenarios

Cost-effectiveness analysis (CEA) was used here to evaluate cost effectiveness of the carbon reserve
payments as climate change mitigation policy alternatives, taking into account the estimated carbon
leakage effects (Section “Estimating leakage effect”). CEA is a general technique used for computing
costs per unit of benefit for activities producing physical benefits that are difficult to measure precisely
in economic terms, such as human health benefits of medical activities (Gold et al., 1996). In this case,
CEA is used to determine the policy scenario that offers lowest monetary costs per unit of physical
climate change mitigation benefits ($/tCO2e) (ICRA, 2012). The cost-effectiveness ratio (CER) is relevant
here (rather than a benefit/cost ratio) because the CER compares the mitigation costs of alternative
scenarios per unit of increased CO2 sequestration (ICRA, 2012). This CER was  calculated as follows
(ACP, 2000):

CER = CA − CB

EA − EB
(5)

where CA and CB represent total costs of alternative (A) and business-as-usual (B) scenarios, respec-
tively, and EA and EB are total carbon accumulation effects (additional net forest carbon sequestration)
of alternative and business-as-usual scenarios, respectively. There is no carbon payment in the
business-as-usual scenario, and therefore CB is zero.

Estimating leakage effect

Timber set asides exert more pressure to harvest timber (to meet the relatively unchanged demand
for forest products) on the remaining timberland that is not within the carbon reserve. This increased
harvest on available timberland would reduce the net carbon benefit of the set aside program. Such
reduction in the intended carbon benefit is positive leakage and can be estimated, by comparing the
level of carbon set aside price per ton of CO2e ($5, $10, and $15) to the cost-effectiveness ratio in
each scenario (50 year cumulative cost divided by 50 year additional cumulative carbon benefit).
Mathematically,

L =
(

1 − PC

CER

)
(6)

where L is leakage in percentage, PC is carbon set aside price, and CER is cost-effectiveness ratio (Eq.
(5)). If there were no leakage, the CER would be equal to the given carbon set aside price, but in our
analysis the CER is generally higher than the carbon set aside price because there is significant carbon
leakage (due to increased harvest of timber on land that is not within the carbon reserve).

Results and discussion

CO2 mitigation benefits of baseline and alternative scenarios

Fig. 3 compares projected quantities of total tree biomass carbon accumulated on all U.S. timberland
in the baseline and three alternative carbon reserve scenarios over the next 50 years. In 2010, the
starting year of the projection, about 52,600 TgCO2e was  sequestered in total tree biomass on U.S.
timberland in all scenarios. Our economic analysis indicated that 89,559 TgCO2e would be accumulated
in total tree biomass on timberland by 2060 in the baseline scenario without any carbon policy in place
to purchase carbon offsets. Carbon is projected to be accumulated on U.S. timberland in the baseline
scenario because projected net annual growth of timber exceeds growing stock harvest by a wide
margin. The projection continues the historical pattern of carbon accumulation on U.S. timberlands in
recent decades.

The alternative carbon reserve scenarios, featuring different levels of carbon set aside prices ($5,
$10, and $15/tCO2e) and fixed annual carbon expenditure ($3 billion/year), resulted in various lev-
els of CO2 sequestration on timberland, with generally higher projected carbon accumulation than
the baseline (business-as-usual) scenario over the projection period 2010–2060. The largest climate
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Fig. 3. Cumulative total tree biomass carbon accumulation (TgCO2e) on U.S. timberland under baseline and alternative carbon
reserve scenarios, 2010–2060.

change mitigation benefit was offered by the alternative scenario Carbon-5, which featured carbon set
aside payments of just $5/tCO2e, accumulating 96,369 TgCO2e in total tree biomass on timberland by
2060, representing an additional accumulation of 6810 TgCO2e (8%) relative to the baseline scenario.
The alternative scenario Carbon-10, featuring carbon set aside payments at $10/tCO2e, accumulated
91,302 TgCO2e, by 2060, representing additional accumulations of 1743 (2%) relative to the baseline
scenario. The alternative scenario Carbon-15, with carbon set aside price of $15/tCO2e, sequestered
91,072 TgCO2e, which was 1513 TgCO2e more (2%) than the baseline scenario.

The relative increases in carbon accumulation of the alternative scenarios can be translated into an
average annual carbon accumulation rate (flux) over the 50-year projection period (2060 accumula-
tion minus 2010 accumulation, divided by the number of years in the projection period). For example,
during 2010–2060, the baseline scenario sequestered at an average annual rate of 739 TgCO2e/year.
Alternative scenarios Carbon-5, Carbon-10, and Carbon-15 sequestered at the rates of 875, 774, and
769 TgCO2e/year, representing additional average annual CO2e influx of 135 (18%), 34 (5%), and 30
(4%) TgCO2e/year above the baseline scenario. These projected quantities of carbon sequestration
on timberland in the baseline and the alternative scenarios refer to total tree biomass carbon on all
U.S. timberland, including both available and unavailable (set-aside) portions of timber inventory.
Although increases in carbon accumulation in the set-aside portions of the timber inventory (the car-
bon reserves) were substantial for all three alternative scenarios, net increases across all timberlands
were reduced by increased harvests and depleted timber inventories on the available portion of the
inventory. This kind of market adjustment that reduces effectiveness of carbon set-asides (in this case
a shift in timber harvest from land under carbon contract to other land not under contract) is a “leakage
effect”.

Taking into account the leakage effect, we computed the cost effectiveness of the hypothetical
timber set aside programs in terms of climate change mitigation benefit (measured by increased carbon
sequestration on timberland). Our models account for the carbon flux on all U.S. timberlands, including
both the lands set aside in the carbon reserve and remaining lands not in the carbon reserve. Thus, we
can account for the leakage effect in terms of carbon losses on other lands relative to additional carbon
sequestration on set-aside lands, and we compute the actual effectiveness of the hypothetical timber
set asides in terms of net gain in total forest carbon sequestration. For example, in alternative scenario
Carbon-5 (carbon price $5/tCO2e, and carbon budget of $3 billion/year), $117 billion would be spent
over the 2010–2060 period, and we estimate that it would achieve climate change mitigation benefits
of 6810 TgCO2e relative to the business-as-usual scenario (without any carbon purchases), taking
into account carbon sequestration on all timberland (land in the carbon reserve and lands not in the
reserve). Thus, on average, the cost effectiveness of mitigating a ton of CO2e emissions in alternative
scenario Carbon-5 was $17.18. Or, in other words, the $5/tCO2e set aside payment to landowners
in the Carbon-5 scenario results in a net carbon sequestration gain of only 0.29 ton of CO2e (a cost
effectiveness of only 29%). This corresponds to a leakage effect of 71% (the increase in carbon emitted
on other U.S. timberlands relative to carbon sequestered on contracted set-aside timberlands). In other
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words, while the contracted landowners were paid for carbon accumulation on their land at $5/tCO2e,
the actual cost of the program in terms of effectively offsetting a ton of CO2e was more than several
times higher ($17.11) because of the leakage effect.

With higher carbon prices and the same carbon expenditure limit ($3 billion per year), the total
expenses during 2010–2060 in alternative scenario Carbon-10 (carbon price $10/tCO2e) and Carbon-
15 (carbon price $15/tCO2e) were $145 and $153 billion, respectively, with corresponding additional
CO2 mitigation benefits of 1743, and 1513 TgCO2e, respectively. Thus, the cost effectiveness was  much
less at the higher carbon prices, as the total costs of offsetting a ton of CO2e in alternative scenarios
Carbon-10 and Carbon-15 were $83.19 and $101.15, respectively. The corresponding leakage effects
were higher also, at 88% and 85%, respectively, meaning that the $10 to $15 payments to landowners
for carbon reserves would be only 12% to 15% effective in terms of mitigating a ton of CO2e after taking
into account net changes in carbon stocks on all timberland. These estimated costs are not marginal
costs and therefore cannot be used to derive a carbon supply curve, because we have a fixed budget
constraint in this analysis.

The total payment of $117 billion in Carbon-5 scenario is substantially lower than the total available
budget during 2010-2060 ($3 billion/yr times 51 yr = $153 billion). This occurred because the carbon
price of $5/tCO2e did not provide an economic incentive for enrollment in carbon reserve contracts
in the later years of projections (after 2038 in the West, after 2048 in the North, and after 2059 in
the South). In general, higher carbon prices provided better economic incentives to landowners for
enrollment in carbon reserve contracts throughout. However, the limited budget allowed fewer areas
to be enrolled in these scenarios as the available budget was more quickly exhausted with higher
carbon price. In Carbon-5 scenario, 68 million ha of timberland area was enrolled in carbon reserve
contract with a total cost of $117 billion, whereas 60 and 49 million ha of timberland area were
enrolled, with total costs of $143, and $153, in Carbon-10, and Carbon-15 scenarios, respectively.

Intuitively, one might expect the leakage effect would increase with the area of timber set-asides.
In our analysis the largest area was set aside in Carbon-5 scenario (68 million ha), followed by Carbon-
10 (60 million ha), and Carbon-15 (49 million ha). However, the expectation that higher leakage
would occur with larger set-aside area would be valid when only harvest effects were considered in
estimating leakage between the scenarios. Our analysis includes not only the harvest effects but also
the overall cost-effectiveness in terms of nominal carbon price per unit of carbon set aside versus
actual payments per net unit of increased carbon. The carbon-5 case was the most cost-effective
carbon reserve scenario within the hypothetical budget constraint of $3 billion per year. It has the
lowest leakage effect, but still very substantial leakage at 71%. In general, our CEA shows that a budget-
constrained forest carbon reserve program will be more cost effective if lower prices are paid for carbon
sequestration, provided that the price (e.g., $5 per t of additional CO2e sequestered on set aside lands)
is still sufficient to cause rational forest landowners to forego future timber harvests, as it was in this
case. However, the CEA also shows substantial leakage effects, and even in the most cost-effective
scenario (Carbon-5) the carbon payment to forest landowners for sequestering a t of carbon is only
29% effective in terms of sequestering a t of CO2e on timberland (at 71% leakage) because of shifts in
timber harvest to non-reserve lands. Our estimates of leakage (71–88%) are roughly consistent with
Murray et al. (2004) who estimated up to 68% leakage from hypothetical forest set- aside program in
the United States. Our analysis computes the leakage effects solely in terms of net carbon change on
U.S. timberland, and does not account for forest carbon change in other countries. However, because of
reduced U.S. wood product net exports in the alternative carbon reserve scenarios, there would likely
also be some additional global carbon leakage due to increased timber harvest and possibly reduced
timber inventories in foreign countries.

Although U.S. timberland area and timber inventory available for timber harvest were decreased
due to timber set-asides in the alternative scenarios, the relatively inelastic U.S. and global demands
for forest products did not change. Thus, smaller available U.S. timber inventories in the alternative
scenarios had to meet the same inelastic demands for forest products as in the baseline scenario,
resulting in depleted timber inventory (and depleted tree biomass carbon) on the timberlands that
remained available for timber harvest outside of the set-aside carbon reserve lands. The climate change
mitigation benefit is thus generally much smaller than the carbon accumulation in carbon reserves,
despite a large accumulation of carbon in timber inventory on carbon reserve lands.
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Policy implications and discussion

The findings of our analysis convey some important general policy implications related to climate
change mitigation efforts using timber set-asides. First, due to the relatively inelastic demand for
forest products, climate change mitigation benefits are diminished by substantial leakage in the form
of increased timber harvest and reduced carbon stock on remaining available timberland. Second,
efforts to mitigate climate change using timber set- asides can have other broad economic impacts on
the forest sector resulting from reduced timberland area, reduced timber inventory, reduced timber
supply, and increased timber price (discussed in Section “Estimating leakage effect”).

We compared our results on costs to mitigate climate change with other studies. These compar-
isons, however, are indirect in that our modeling framework is different from most other studies in
terms of overall approach and scope of the study. For example, cost estimates for climate change
mitigation from most previous studies were based on estimates of marginal cost of carbon supply
(willingness of landowners to accept carbon contracts). Our study is technically not a marginal cost
study, because we specified fixed carbon prices and we constrained carbon reserve expenditures to
$3 billion/year, which results in less forest area set aside (not more) when carbon price is increased,
because of our assumed budget constraint.

In addition, our study focused only on the effects of timber set-asides (without considering effects
of other possible climate change mitigation strategies, such as afforestation or forest management
activities, that are analyzed in other studies). Similarly, our study focuses on the timber market and
forest sector impacts within the United States (using the same exogenous assumptions about major
land use changes, such as shifts from forest land to urban land use, in the baseline and alternative
scenarios). A comparable study by Latta et al. (2011) used the FASOM GHG model to compare effects
of mandatory incentives (tax/subsidy applied to all eligible lands) to the effects with voluntary partic-
ipation. Their results for voluntary participation are somewhat comparable to our study, in that both
models used a theory that landowners would decide to participate in carbon offset contracts based on
a comparison of expected value of timber harvests versus expected value of carbon offset payments.
However, our study differs in that their model considered land use competition between forest and
agriculture (our study covers the forest sector only) and they allowed timber harvest on contracted
land if the landowner paid a penalty. Their estimates indicated that payments of about $20/tCO2e
would achieve climate change mitigation benefits of 50 TgCO2e/year. We  estimated an average miti-
gation benefit of 134 TgCO2e/year for an average cost of $17.11/tCO2e during 2010–2060. Our estimate
of mitigation cost is thus somewhat lower. However, the version of the FASOM-GHG model used con-
siderably higher projected timber demands associated with higher U.S. housing starts (based on the
2005 RPA forest assessment), whereas the 2012 baseline scenario that we  used in USFPM/GFPM has
much lower projected U.S. housing starts, very little projected growth in U.S. timber harvest, and
declining long-run trends in real timber prices. The lower timber demand outlook leads to lower
projected U.S. timber prices and greater likelihood of forest landowner participation in carbon set
aside programs. The implication of this finding is that projections of forest product and timber market
trends are important in projecting the consequences of mitigation programs that involve payments to
landowners for carbon offsets. The demands for forest products drive the price of timber and in turn
the price of carbon reserve payments that would be needed to compete for timber harvest rights.

A study by Sohngen and Brown (2008) analyzed carbon mitigation and cost implications of extend-
ing forest rotations in 12 southern states. Based on marginal cost analysis of these 12 southeastern
states, they reported that timber set-asides could be a viable option only when a carbon price (cost)
exceeds $40/CO2e, and that about 1 million ha of land would be set aside with carbon price (cost) of
$55/tCO2e. Our estimates indicated that about 1.36 million ha would be set aside per year (68 mil-
lion ha during 2010–2060) with a carbon price of $5/tCO2e and the mitigation cost of $17.11/tCO2e.
Again, this may  reflect the fact that the 2012 baseline scenario in USFPM/GFPM has very little pro-
jected growth in U.S. timber demand, which tends to dampen projected timber price appreciation and
increases the feasibility of landowner participation in carbon set-aside contracts.

U.S. EPA (2005) estimated the future potential for climate change mitigation benefits from the
forest sector, including benefits of afforestation and forest management (lengthened timber harvest
rotations, increased forest management intensity, forest preservation and avoided deforestation) over
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Fig. 4. Available U.S. timberland area (million ha available for timber harvest) under baseline and alternative carbon reserve
scenarios, 2010–2060.
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Fig. 5. Available timber inventory (billion m3) for harvest on U.S. timberland under baseline and alternative carbon reserve
scenarios, 2010–2060.

the next 100 years (2010–2110). Their estimates ranged from 107.4 TgCO2e/year at the price (cost) of
$5/tCO2e to 1208 TgCO2e/year at the price (cost) of $50//tCO2e. Our results suggested similarly a mit-
igation potential of 134 TgCO2e/year (through timber set asides) at the effective cost of $17.11/tCO2e
annualized over 50 years (2010–2060). However, with higher carbon prices, our study showed smaller
mitigation potential because our study constrains total carbon expenditure to $3 billion/year, which
allows for less timber set asides as carbon price increases.

Impact of timber set aside payments on available timberland area, timber inventory, timber supply,
timber price, and forest product revenues

Our analysis suggested a number of types of effects of timber set asides via carbon payment scenar-
ios, including impacts on available timberland area (Fig. 4), timber inventory (Fig. 5), timber supply
(Fig. 6), and sawtimber stumpage prices (Fig. 7). Fig. 4 shows timberland area that is available for
harvest in the baseline and alternative scenarios. The available timberland area in the baseline sce-
nario is projected to gradually decline even without a carbon reserve program because of projected
urban expansion and land development (our projections follow the projections of forest land area
developed for the 2010 RPA forest assessment (USDA Forest Service, 2012). Results of our economic
analysis suggested that about 68 million ha of U.S. timberland area would be set aside for carbon
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2010–2060.

reserves during 2010–2060 in the Carbon-5 scenario. This amounts to 35% of the projected 193 mil-
lion ha of U.S. timberland area in 2060, after adjusting for losses of timberland area to urbanization
and development.

With higher carbon prices in alternative scenarios Carbon-10 and Carbon-15, less timberland area
was set aside. This was because the implicit cost per hectare increased with higher carbon prices
and therefore less timberland area could be set aside with the fixed budget ($3 billion per year). For
instance, the timberland areas set aside during 2010–2060 were 60 (31%) and 49 (25%) million ha in
alternative scenarios Carbon-10 and Carbon-15, respectively.

Although scenario Carbon-5 has only 12% more timberland area being set aside as carbon reserve
than scenario Carbon-10 by the end of the projection, it has higher cumulative climate change mit-
igation benefit (75% more) over the projection period because more timberland area (and carbon
inventory) was set aside during the early years in this scenario. The huge difference in the estimated
carbon benefits between scenarios Carbon-5 and Carbon-10 were caused by the fact that low carbon
price in Carbon-5 scenario allowed more timberland area to be set aside early in the projection period.
Eventually, timber prices begin increasing and it became financially less attractive to enroll land under
the Carbon-5 scenario. In contrast, less area is set aside in alternative scenario Carbon-10 in the early
years because of the fixed budget, although enrolling in carbon contracts is financially more attractive
to landowners with a higher carbon price in this scenario. One of the general policy implications of
this result is that the effect of carbon reserve on timber price in a particular year depends on the total
area of forests that are set aside up to that year. Increasing the area set aside in the beginning of the
program would, each year, increase the opportunity cost of timber revenue that would need to be
overcome by carbon payments obtained by enrollment.

Fig. 5 compares projected timber inventory available for harvest during 2010–2060 for the baseline
scenario and alternative carbon reserve scenarios. The impact of carbon reserves on available timber
inventory was similar to the impact on available timberland area, except that the percentage reduc-
tion in available timber inventory was greater than the percentage reduction in timberland area. For
example, over the 50-year projection period, available timber inventory would be decreased by more
than half (25 billion m3, or 55%) in alternative scenarios Carbon-5 and Carbon-10, and by less than
half (21 billion m3, or 45%) in alternative scenario Carbon-15, relative to the available inventory in the
baseline scenario (46 billion m3). The large reductions in available timber inventory in the alternative
scenarios were due to several factors, including the placement of large fractions of timberland area
into carbon reserves, the losses of timberland area due to urbanization and development, and also
proportionately higher harvest-to-growth ratio on the diminishing areas of available timberland. This
occurs because available timberland area and timber inventory were reduced but growth in demands
for forest products remained relatively unchanged, inducing proportionately higher removals than
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growth on available timberland, although the U.S. timber harvest was  decreased somewhat relative to
the baseline scenario because of higher timber prices with the decrease in available timber inventory
(Fig. 5).

The market responses to reduced availability for harvest of timberland area and timber inventory
are reflected in lower projected timber harvests (Fig. 6) and higher sawtimber stumpage prices (Fig. 7).
As an aside, the near-term increase in timber harvest from 2010 to 2015 in all cases (Fig. 6) is a reflection
of the assumed rebound in U.S. housing construction and corresponding rebound in timber demands
by 2015. The 2010 U.S. timber harvest level is very depressed (actually down by about 30% relative to
recent historical peaks). Projected future growth in timber harvest beyond 2015 is relatively modest,
and much of the projected growth in timber harvest is for wood energy (which was  projected to
roughly double by 2060 in the baseline scenario). The reduction in the available inventory due to
timber set-asides effectively shifts the regional timber supply curves to the left relative to the baseline
scenario (Fig. 1) and results in higher projected saw timber stumpage prices (Fig. 7) and reduced timber
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harvests (Fig. 6). The average annual U.S. timber harvests in alternative scenarios Carbon-5, Carbon-10,
and Carbon-15 are reduced by 83 (14%), 60 (10%), and 40 (7%) million m3 during 2010–2060, relative to
average annual harvest of the baseline scenario (575 million m3/year). These reductions in U.S. timber
harvest are relatively small compared to corresponding reductions in available timber inventory (up
to 55% reduction by 2060). Again, this was because forest product demands are relatively inelastic
with respect to price, and the drivers of demand growth such as GDP growth in alternative scenarios
remain the same as in the baseline scenario. The result is that percentage reductions in harvest were
less than percentage reductions in available timber inventory.

The price impacts of changes in available timber inventory and timber supply can be different for
hardwood and softwood species groups because our modeling framework projected separate regional
timber prices for softwoods and hardwoods. In addition, we used the same nationwide carbon price
for all regions and species, but hardwoods and softwoods differ in wood density (and carbon content
per unit volume). Thus, depending on the outcome of economic analysis, it is theoretically possible
that hardwood timber inventory in a particular region might be enrolled in carbon reserves while
softwood timber inventory may  not be. For instance, if the present value of softwood harvest in a
given region for a given year were higher than the present value of the carbon reserve payments, then
softwood inventory will not be chosen to be enrolled in the carbon reserve contract that year. Our
results showed varying region-wide timber price impacts (generally price increases) among the carbon
reserve scenarios, especially in the middle part of the projection years. However, at the end of the
projection period, the overall long-range price impact in all regions was similar (and modest) except
for hardwood in the U.S. West, where an extreme outcome was projected for hardwood inventory
and price in the Carbon-5 scenario. Virtually all available hardwood timber inventory in the West was
set aside in carbon reserves by around 2025, with no available inventory left to sustain demands for
hardwood timber, resulting in a sharp but unrealistic price increase for hardwood timber in the U.S.
West in the Carbon-5 scenario (Fig. 7f). In actuality, hardwood timber in the U.S. West accounts for
only a very small share of total U.S. timber harvest (less than 3%), and the price spike for hardwood in
the West in the Carbon-5 scenario should be regarded as an anomaly of our modeling system and not
a likely or expected outcome.

Despite a fairly stable harvest level during the projection period, the baseline scenario resulted in
decreasing softwood timber prices due to projected increase in softwood inventory in this scenario
(Fig. 5). In all three U.S. regions, the projected changes in softwood sawtimber prices in the alterna-
tive scenarios followed roughly the same trajectory as the baseline scenario but remained at slightly
higher levels (Fig. 7), reflecting the effect of inward shift in supply curve due to reduction in avail-
able inventory due to set-asides. For example, in the baseline scenario, the overall price changes for
softwood sawtimber during 2010–2060 were −0.79%/year, +0.19%/year, and +0.81%/year for the U.S.
North, South, and West, respectively. Softwood sawtimber prices for the Carbon-5 case for the U.S.
North and South were higher in 2060 than the base case by 10% and 7%, respectively. For the West, it
was lower than the base case by 3%. Lower price impacts were observed for the other alternative sce-
narios. The relatively modest impacts on softwood timber price in all alternative scenarios were due to
relatively less softwood inventory purchased for set-asides (because of higher expected present value
of softwood timber harvest than their corresponding carbon offset values). By contrast, greater impact
was observed in hardwood sawtimber inventory and price in all regions, especially in alternative sce-
nario Carbon-5. The impact was extreme for the U.S. West. However, by the end of the projection,
these extreme prices were stabilized as the timber supply remained fixed at a smaller level because
of the depleted resource base (little available timber inventory).

The baseline hardwood sawtimber price changes in the U.S. North, South, and West during
2010–2060 were +0.21%/year, +0.15%/year, and +0.37%/year, respectively. Hardwood sawtimber prices
for the Carbon-5 case for the U.S. North, South, and West were higher in 2060 than the base case by
100%, 62%, and 114%, respectively. The impact on non-sawtimber price of alternative scenarios was
also similar to the sawtimber price (not reported here).

Thus, results of the region-wide economic analyses indicated a greater impact on hardwood timber
inventory and timber price in all regions, primarily because of lower projected prices for hardwood
timber during the initial years of the projection period. The resulting effect was  that more hardwood
timber inventory was set aside in early years, with less available inventory and timber supply in
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Fig. 8. Projected undiscounted annual primary forest product revenues (billion dollars) for the baseline and alternative carbon
reserve scenarios, 2010–2060.

the subsequent years, leading to relatively higher price increases for hardwood timber relative to
softwood timber. By contrast, with less softwood timber inventory set asides, the projected increases
in softwood timber prices were relatively small. In addition, softwood timber prices were largely
driven by projected softwood inventory in the South, where it was  projected to increase even in all
carbon reserve scenarios (not shown in figure). Even though area is set aside in the U.S. South the loss
in available inventory is less than timber growth on available land which includes expansion in pine
plantation area (21 million ha by 2060) Expanding inventory and falling prices in the South offsets the
effect of reduced softwood inventory in the North and the West. This explains the declining softwood
timber price (Fig. 7a–c) despite relatively stable total harvests in the alternative scenarios.

These findings suggest an important implication for carbon offset programs for the entire forest
sector. The implication is that payments to forest landowners for carbon sequestration in timber
set asides would lead to increased timber prices that would be passed on to consumers through
increased product prices, impacting the cost and affordability of wood products. In addition, higher
timber prices would affect cost competitiveness of U.S. forest product producers and negatively impact
projected U.S. forest product production and net trade. For example, the average annual undiscounted
revenue from primary forest products including lumber, panels, paper/paperboard, and wood fuel
feedstock was projected to be $93.20 billion from 2010 to 2060 in the baseline scenario (measured in
constant 2006 dollars). However, for alternative scenarios, increases in real timber prices due to set-
asides and reduced timber harvests resulted in a net loss of primary forest product revenues. Relative
to the baseline scenario, the average annual losses in primary forest product revenues, from 2010
to 2060, were $2.43 billion, $2.28 billion, and $1.37 billion for Carbon-5, Carbon-10, and Carbon-15
scenarios, respectively (measured in constant 2006 dollars). Fig. 8 shows these changes in average
annual revenues for primary forest products for the baseline and alternative scenarios. The losses in
forest product revenues are mainly attributable to lower net exports and reduced domestic production
under the carbon offset scenarios as a result of higher domestic timber prices. Another likely economic
response to increases in timber prices would be more investment in intensive forest management
and/or new plantation establishment, which could have additional impacts on forest carbon stocks,
although our analysis does not attempt to quantify that response.

Our study addressed also the issues of additionality, permanence, and leakage of carbon for our
hypothetical forest carbon reserve scenarios. Additionality means that a climate change mitigation
action specifically taken to increase carbon sequestration must result in additional carbon seques-
tration above the level of carbon sequestration that would occur anyway in a baseline scenario. We
address the issue of additionality by counting the projected carbon stock increases on all timber-
land in our carbon reserve scenarios relative to the carbon stock projections of a fully developed
“business-as-usual” baseline market scenario, which has no carbon reserve payments (e.g., Fig. 3).
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The issue of permanence relates to the possibility that an accumulated forest carbon offset can be
lost in a disturbance such as wildfire or timber harvest, or as a result of land use change. We ensured
permanence of carbon storage on carbon reserve lands by excluding harvest for 100 years and by
accounting for (deducting) an average rate of mortality that included the effects of fire and other
natural disturbances, while we also accounted for projected losses of forest land to other land uses
such as urban and developed land.

We  also assessed the leakage that occurs because the setting aside of timberland in carbon reserves
leads to increased harvest on other timberland, thus reducing carbon offset benefits of the timber set
asides. In actual practice, the carbon offset payments to landowners would directly take into account
such estimated leakage effects (as required in the CAR Forest Project Protocol, for example). However,
in our analysis we did not pre-adjust the carbon reserve payments for the leakage effects, so that we
could use the market model to estimate the leakage effects.

Our study has several limitations. This study did not take into account change in carbon stored in
wood products made from wood harvests in the United States. If carbon accumulated in harvested
wood products was included, the overall climate change mitigation benefit of the alternative scenar-
ios would be slightly lower because of relatively lower harvest and lower forest product output in
these scenarios relative to the baseline scenario. Similarly, our modeling framework was  based on
the assumption that once a tract of timberland is enrolled in the carbon reserve, it remains locked
in the reserve for 100 years. However, in actual practice, some landowners might eventually find it
attractive to breach their carbon contracts, paying any penalties, so they could sell timber at the higher
timber prices resulting from reduced timber supply. Finally, the results do not account for the effects of
projected climate change on timber growth and inventory, which was  beyond the scope of our analysis.

Conclusions

We  used the USFPM/GFPM market modeling system combined with a regional forest growth and
inventory model and timberland allocation model to evaluate impacts of hypothetical carbon reserve
scenarios on climate change mitigation (net carbon sequestration on timberland) and consequential
impacts on forest products markets. Our analysis simulates competition that would occur hypothet-
ically between billions of dollars of carbon payments to landowners for timber set asides and the
demands of forest products for control and use of available timber resources. Results show how
landowner decisions based on rational expectations would alter timberland area available for har-
vest, timber harvest level, timber inventory, change in timber prices and primary forest products
revenues, and overall change in forest carbon (climate change mitigation benefit) under alternative
carbon reserve scenarios. The evaluated alternative scenarios offer small to large climate change mit-
igation benefits depending on carbon price, carbon expenditure budget, and carbon leakage effects.
Projected carbon storage leakage ranged from 71% to 88% of the purchased carbon accumulation on
set aside lands. Under a fixed budget, lower carbon prices allow for more land to be set aside for the
carbon reserve in early years of the projection, so long as the expected value of carbon offset payments
is higher than the expected value of timber harvests. However, over the years, more timber set asides
result in reduced availability of timber inventory for harvest, leading to higher stumpage prices, so
late in the projection period the lower carbon price does not offer financial attractiveness over timber
harvest and no new area would be set aside. This pattern of larger set asides early results in more
carbon storage overall and less leakage than for cases that offer higher prices and lower storage early
on. Under such a case, higher carbon price offers better financial attractiveness but less land would be
enrolled in carbon reserves as the budget available for carbon purchase is fixed.

Among several alternative scenarios, with carbon purchase prices of $5, $10 and $15, and annual
budget of $3 billion (in 2006 $), our economic analysis showed that a carbon price of $5/tCO2e would
provide the largest and most cost-effective climate change mitigation benefit during the next 50 years
(135 TgCO2e/year on average) with an average mitigation cost of $17.11/tCO2e (after including the
projected 71% leakage). However, the Carbon-5 scenario also induced large nationwide impacts on
available timberland area, timber inventory, and timber prices (especially for hardwood timber), with
likely negative social welfare consequences in forest sector employment and profitability, a topic not
analyzed in detail in this study but an outcome that can be inferred from the large projected impacts
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on timber harvest, prices, and forest product revenues. Projected nationwide losses in forest product
revenues ranged from $69 to $121 billion dollars cumulatively over the projection period from 2010 to
2060, mainly attributable to lower net exports and reduced domestic production with higher domestic
timber prices. The study results can provide useful benchmark information to policy makers and other
stakeholders interested in consequences of climate change mitigation through timber set aside.

The modeling framework described in this study was  set up to analyze climate change mitigation
costs and benefits of just one of the recognized major forest sector strategies to reduce GHG emissions
– specifically decreased harvest intensity/avoided deforestation through purchase of timberland set
asides. The modeling framework could be further adapted to assess forest sector outcomes and climate
change mitigation costs and benefits of other forest sector mitigation strategies. For example, the car-
bon sequestration and forest sector impact of afforestation strategies could be analyzed by simulating
rational decisions to increase forest area or to expand forest plantations in response to carbon pay-
ments, or there could be an assessment of the effect of payments that would alter management and
increase forest growth rates. The effects of activities such as increased forest growth or increased forest
thinning could be analyzed similarly by adjustment of timber supply and forest growth assumptions.
We could also assess strategies related to increased carbon storage in forest products or decreasing
emissions by substituting wood products for other products that generate more GHG emissions in
manufacturing.
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Appendix A.

Tables A1 and A2

Table A1
Parameters used in timber growth and inventory models in Eq. (3).

Variable Estimatea Estimated 95% confidence limits

Lower Upper

North, softwoods
 ̨ 6.1323 (0.2314)*** 5.6779 6.5867

�  −0.2809 (0.0191)*** −0.3200 −0.2400
North, hardwoods

˛ 23.2566 (1.4047)*** 20.5001 26.0132
�  −0.4648 (0.0152)*** −0.4986 −0.4390

South,  softwoodsb

 ̨ 5.6224 (0.3274)*** 4.9800 6.2649
˛1 22.8506 (2.8764)*** 17.2060 28.4952
�  −0.1453 (0.0220)*** −0.1885 −0.1021

South,  hardwoods
˛ 5.3815 (0.3932)*** 5.0599 6.6031
�  −0.1584(0.0171)*** −0.1920 −0.1248

West,  softwoods
 ̨ 9.3639 (0.5017)*** 8.3763 10.3516

�  −0.4097 (0.0265)*** −0.4619 −0.3574
West,  hardwoods

˛ 5.7107 (0.4185)*** 4.8876 6.5337
�  −0.1992 (0.0309)*** −0.2600 −0.1384

Source: Nepal et al., 2012a.
a Numbers in parentheses indicate approximate standard error.
b The model includes proportion of artificial regenerated area (proxy for pine plantation in the U.S. South) as an additional

variable.
*** Statistically significant at 1% significance level.
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Table A2
U.S. regional timber supply elasticities with respect to price used in this study.

Commodity Elasticity of supply with respect to price

North South West

Timber products
SW sawtimber 0.50 0.22 0.34
SW non-sawtimber 0.50 0.31 0.34
HW  sawtimber 0.48 0.19 0.34
HW non-sawtimber 0.64 0.26 0.34

(Source: Ince et al., 2011a).

reviewers whose comments helped improve this paper. We  acknowledge funding support from the
USDA Forest Service RPA assessment.

References

Abt, K.L., Abt, R.C., Gallik, C., 2012. Effect of bioenergy demands and supply response on markets, carbon, and land use. Forest
Science 58 (5), 523–539.

Adams, D.M., Alig, R., Latta, G., White, E.M., 2011. Regional impacts of a program for private forest carbon offset sales. Journal
of  Forestry 109 (8), 444–453.

American College of Physicians (ACP), 2000. Primer on cost-effectiveness analysis. Effective Clinical Practice 3 (5), 253–255.
Babcock, B.A., Lakshminarayan, P.G., Wu,  J., Zilberman, D., 1996. The economics of a public fund for environmental amenities:

a  study of CRP contracts. American Journal of Agricultural Economics 78 (4), 961–971.
Buongiorno, J., Zhu, S., Zhang, D., Turner, J., Tomberlin, D., 2003. The Global Forest Product Model. Academic Press, Elsevier, pp.

301.
Climate Action Reserve (CAR), 2010. Forest project protocol version 3.2. Available from http://www.climateactionreserve.org/

wp-content/uploads/2011/05/Forest Project Protocol Version 3.2.w-Announce.pdf (accessed 18.09.11).
Gold,  M.R., Siegel, J.E., Russell, L.B., Weinstein, M.C. (Eds.), 1996. Cost-effectiveness in Health and Medicine. Oxford University

Press,  London, UK, p. 456.
Haynes, R., Adams, D., Ince, P., Mills, J., Alig, R., 2006. Bioeconomic and market models. In: Shao, G., Reynold, K.M. (Eds.), Computer

Applications in Sustainable Forest Management: Including Perspectives on Collaboration and Integration. Series: Managing
Forest Ecosystems, vol. 11. Springer-Verlag, New York, LLC, pp. 171–197.

Heath, L.S., Smith, J.E., Skog, K.E., Nowak, D.J., Woodall, C.W., 2010. Managed forest carbon estimates for the U.S. greenhouse
gas  inventory, 1990-2008. Journal of Forestry 109 (3), 167–173.

Huang, C., Kronrad, G.D., 2006. The effect of carbon revenues on the rotation and profitability of loblolly pine plantations in east
Texas. Southern Journal of Applied Forestry 30 (1), 21–29.

Ince, P.J., Andrew, K.D., Skog, K.E., Spelter, H.N., Wear, D.N., 2011a. U.S. forest products module: A technical document supporting
the Forest Service 2010 RPA assessment. In: Research Paper FPL-RP-662. US Department of Agriculture Forest Service: Forest
Products Laboratory, Madison, WI,  USA, pp. 61.

Ince, P.J., Andrew, K.D., Skog, K.E., Yoo, D.-I., Sample, V.A., 2011b. Modeling future U.S. forest sector market and trade impacts
of  expansion in wood energy consumption. Journal of Forest Economics 17 (2), 142–156.

International centre for development oriented research in agriculture (ICRA), 2012. ICRA learning materials-cost
benefit analysis-key concepts, Available from http://www.icra-edu.org/objects/anglolearn/Cost Benefit Analysis-
Key  Concepts1.pdf (accessed 3.03.12).

Latta, G., Adams, D.M., Alig, R.J., White, E., 2011. Simulated effects of mandatory versus voluntary participation in private forest
carbon offset markets in the United States. Journal of Forest Economics 17 (2), 127–141.

Malmsheimer, R.W., Bowyer, J.L., Fried, J.S., Gee, E., Izlar, R.L., Miner, R.A., Munn, I.A., Oniel, E., Stewart, W.C., 2011. Managing
forest because carbon matters: integrating energy, products, and land management policy. Journal of Forestry 109 (7S),
S7–S51.

McKinley, D.C., Ryan, M.G., Birdsey, R.A., Giardina, C.P., Harmon, M.E., Heath, L.S., Houghton, R.A., Jackson, R.B., Morrisoon, J.F.,
Murray, B.C., Pataki, D.E., Skog, K.E., 2011. A synthesis of current knowledge on forests and carbon storage in the United
States. Ecological Applications 21 (6), 1902–1924.

Miles, P.D., 2011. Forest inventory EVALIDator web application version 4.01 beta, Available from: http://www.fia.fs.fed.us/tools-
data.Miles, 2012 (accessed 11.01.11).

Murray, B.C., McCarl, B.A., Lee, H.-C., 2004. Estimating leakage from forest carbon sequestration programs. Land Economics 80
(1),  109–124.

Nepal, P., Ince, P.J., Skog, K.E., Chang, S.J., 2012a. Projection of U.S. forest sector carbon sequestration under U.S. and global timber
market and wood energy consumption scenarios, 2010–2060. Biomass and Bioenergy 45 (2012), 251–264.

Nepal, P., Grala, R.K., Grebner, D.L., 2012b. Financial feasibility of sequestering carbon in harvested wood products in Mississippi.
Forest Policy and Economics 14 (1), 99–106.

Nepal, P., Ince, P.J., Skog, K.E., Chang, S.J., 2012c. Developing inventory projection models using empirical net forest growth and
growing stock density relationships across U.S. regions and species groups. In: Research Paper FPL-RP-668. US Department
of  Agriculture Forest Service: Forest Products Laboratory, Madison, WI,  USA.

Osborn, C.T., Llacuna, F., Linsenbigler, M.,  1995. The conservation reserve program enrolment statistics for the signup periods
1-12 and fiscal years 1986–93. In: USDA Economic Research Service Statistical Bulletin No. 925.

http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0905
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0005
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0010
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0015
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0020
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0030
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0035
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0040
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0045
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0050
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0055
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0060
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0065
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0070
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0075
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0080
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0085
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0090
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0095
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0100
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0105


306 P. Nepal et al. / Journal of Forest Economics 19 (2013) 286–306

Perlack, R.D., Wright, L.L., Turhollow, A.F., Graham, R.L., Stokes, B.J., Erbach, D.C., 2005. Biomass as feedstock for a bioenergy
and  bioproducts industry: the technical feasibility of a billion-ton annual supply. United States Department of Agriculture
and  Department of Energy, Available from http://www1.eere.energy.gov/biomass/pdfs/final billionton vision report2.pdf
(accessed 11.03.12).

Plantinga, A.J., Alig, R., Cheng, H-t., 2001. The supply of land for conservation uses: evidence from the conservation reserve
program. Resources, Conservation, and Recycling 31 (3), 199–215.

Polyakov, M.,  Wear, D.N., Hugget, R., 2010. Harvest choice and timber supply models for forest forecasting. Forest Science 56
(4),  344–355.

Ryan, M.G., Harmon, M.E., Birdsey, R.A., Giardina, C.P., Heath, L.S., Houghton, R.A., Jackson, R.B., McKinley, D.C., Morrison, J.F.,
Murray, B.C., Pataki, D.E., Skog, K.E., 2010. A synthesis of the science on forests and carbon for U.S. forests. Ecological Society
of  America 13, 1–16.

Smith, B.W., Miles, P.D., Perry, C.H., Pugh, S.A., 2009. Forest resources of the United States, 2007. General Technical Report
WO-78. US Department of Agriculture Forest Service, Washington, DC, USA, pp. 336.

Sohngen, B., Brown, S., 2008. Extending timber rotations: carbon and cost implications. Climate Policy 8 (5), 435–451.
Turner, J.A., Buongiorno, J., Zhu, A., 2006. An economic model of international wood supply, forest stock and forest area change.

Scandinavian Journal of Forest Research 21 (1), 73–86.
U.S. Environmental Protection Agency (U.S. EPA), 2005. Greenhouse gas mitigation potential in U.S. forestry and agriculture.

EPA-R-05-006. U.S. Environmental Protection Agency, Washington, DC, pp. 154 pp.
U.S. Environmental Protection Agency (U.S. EPA), 2011. Inventory of U.S. greenhouse gas emissions and sinks: 1990–2009. EPA

430-R-11-005. US Environmental Protection Agency, Washington, DC, pp. 459 pp.
U.S. Environmental Protection Agency (U.S. EPA), 2009. EPA analysis of the American Clean Energy and Security Act of

2009 H.R. 2454 in the 111th Congress, Available from http://www.epa.gov/climatechange/Downloads/EPAactivities/
HR2454 Analysis.pdf (accessed 24.6.2012).

USDA Economic Research Service, 2012. International Macroeconomic Data Set, Available from http://www.ers.usda.gov/
Data/Macroeconomics/ (accessed 18.01.11).

USDA Forest Service, 2012. Future of America’s forests and rangelands: Forest Service 2010 Resources Planning Act Assessment.
General Technical Report WO-87. US Department of Agriculture Forest Service, Washington, DC, USA, pp. 198.

Van Deusen, P.C., 2010. A method to evaluate the option of storing carbon in your forest. Canadian Journal of Forest Research
40  (11), 2243–2247.

Wong, G.Y., Alavalapati, J.R.R., 2002. Assessing the economic approaches to climate-forest policies: a critical survey. World
Resource Review 14 (4), 1–20.

http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0110
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0115
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0120
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0125
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0130
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0135
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0140
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0940
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0145
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0150
http://www.ers.usda.gov/Data/Macroeconomics/
http://www.ers.usda.gov/Data/Macroeconomics/
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0160
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0165
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170
http://refhub.elsevier.com/S1104-6899(13)00023-8/sbref0170

	Forest carbon benefits, costs and leakage effects of carbon reserve scenarios in the United States
	Introduction
	Methods
	Projecting timber growth and inventory
	Projecting market equilibrium timber harvest quantity and price
	Determining amount of timberland area set aside as carbon reserve
	Estimating and projecting tree biomass carbon
	Determining cost effectiveness of alternative scenarios
	Estimating leakage effect

	Results and discussion
	CO2 mitigation benefits of baseline and alternative scenarios
	Policy implications and discussion
	Impact of timber set aside payments on available timberland area, timber inventory, timber supply, timber price, and fores...

	Conclusions
	Acknowledgments
	References
	References


