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SUMMARY

Forest carbon sequestration plays an important role
in reducing the build-up of greenhouse gases that
are known to contribute to global climate change.
However, private landowners will supply less carbon
sequestration than would be socially desirable if
they are unable to capture the economic value of
sequestration. We examine the viability of offering
landowners property tax subsidies for forest carbon
sequestration (referred to as a ‘tax-based subsidy
approach’). Waiving property taxes on forestland
provides incentives for landowners to afforest non-
forested land and/or sustain forests that are at risk of
deforestation. We focus on 17 Tennessee counties and
one Kentucky county, constituting one of 179 Bureau
of Economic Analysis areas in the United States, as a
case study. Higher forestland net return from waiving
property taxes increases the share of forestland in the
18 counties, which in turn increases the accumulation
of carbon in the forest ecosystem, suggesting that this
is a viable approach. The annualized county-level cost
of supplying forest carbon sequestration using a tax-
based subsidy ranges between US$15.56 and US$563.58
per carbon tonne across the 18 counties. Relevant
government agencies can use these estimates to target
selected counties for more cost-effective adoption of
the county-level tax-based subsidy approach.

Keywords: forest carbon sequestration, incentive payment,
tax-based subsidy

INTRODUCTION

There is a broad consensus that carbon emissions resulting
from human activities contribute to climate change (IPCC
2014). In response, global efforts have been undertaken
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to reduce atmospheric carbon. Much attention has been
focused on forest carbon sequestration in order to offset
carbon emissions by preventing deforestation and encouraging
afforestation. Forest carbon sequestration receives this
attention for two reasons. First, the potential of forestland to
offset carbon emissions is substantial. Forestland’s potential
in the USA was estimated at 905 million tonnes of carbon in
2011, an offset capacity of 16.1% of total US carbon emissions
(or 13.5% of total greenhouse gas emissions) (USEPA 2013).
Second, forest carbon sequestration has cost advantages
compared to other carbon emission mitigation efforts (Mason
& Plantinga 2011).

Despite the potential for forest carbon sequestration,
reforestation and/or avoiding deforestation are complex issues
that contend with deforestation pressures from agriculture
and urban development. The primary complication is that the
value of the sequestered carbon in forestland is not considered
when making deforestation decisions for development.
Economists commonly refer to the value of carbon
sequestration as a positive externality and the phenomenon
of not considering that value in decision making as a market
failure. In efforts to internalize the positive externality into
the deforestation decision-making process, incentive payment
approaches for forest carbon sequestration have been explored
(e.g., Lubowski et al. 2006; Mason & Plantinga 2011).

Incentive payment approaches for forest carbon
sequestration have begun to be adopted in different
regions of the USA. A prominent example is the cap-
and-trade programme in California that includes providing
payments to forest landowners for the carbon sequestration
generated by their forests (CARB 2012). Other US
States such as West Virginia, Tennessee, Maryland, North
Carolina, Pennsylvania, Massachusetts, and Oregon have
also implemented incentive payment systems in recent years
(USEPA 2012). The rest of the world has also been keen
on developing programmes that can help reduce emissions
from deforestation and forest degradation (REDD) in order to
lower greenhouse gas emissions. For example, the European
Commission proposed a Global Forest Carbon Mechanism
under the United Nations Climate Change Conference in
order to finance developing countries’ emissions reductions

https://doi.org/10.1017/S0376892917000078 Published online by Cambridge University Press

https://doi.org/10.1017/S0376892917000078
mailto:scho9@utk.edu
mailto:scho9@utk.edu
https://doi.org/10.1017/S0376892917000078
https://doi.org/10.1017/S0376892917000078
https://doi.org/10.1017/S0376892917000078


Evaluating a tax-based subsidy approach for forest carbon sequestration 235

achieved by taking action to support REDD (EC 2016). Brazil
also announced a national plan to reduce its deforestation rate
by 80% by 2020 (compared with its average rate over the
1996–2005 decade) (Government of Brazil 2009).

Challenges exist for organizers and participants in
implementing an incentive payment programme for forest
carbon sequestration. Incentive payment planners wrestle
with the institutional burden of creating a new programme
and the financial burden of its implementation (Baldwin &
Richards 2010). The barriers for landowner participation
include concerns about low carbon prices, early withdrawal
penalties, meeting additionality requirements and contract
length (Markowski-Lindsay et al. 2011). Given these
challenges, programmes that offer a property tax subsidy
to forest landowners may be viable alternatives to incentive
payment programmes for forest carbon sequestration. The
administrative resources and systems needed to administer
property tax subsidies (referred to as ‘tax-based subsidies’)
to landowners are already in place (Dinan 2012). Thus, a
tax-based subsidy may alleviate the institutional and financial
burdens of designing payments and may ease some of the
barriers to landowner participation.

Despite the potential of a tax-based subsidy approach to
encourage forest carbon sequestration, many studies have
focused primarily on the efficiency of different incentive
payment approaches (Lubowski et al. 2006; Mason &
Plantinga 2011). Although evidence supporting the merits
of forest carbon sequestration is found in the literature, few if
any studies explicitly consider a tax-based subsidy approach.
The lack of such research is surprising given that income
tax incentives are commonly used to protect land through
different acquisition strategies (e.g. conservation easements).
Our research attempts to fill the gaps in knowledge by
examining the role of a tax-based subsidy approach for forest
carbon sequestration.

We focus on a case study area of 17 Tennessee counties
and one Kentucky county (Fig. 1), one of 179 Bureau of
Economic Analysis areas in the USA (Johnson & Kort 2004).
This area is selected as a case study due to its local and
national importance to US carbon sequestration as part of the
Appalachian region, which accounts for 20% of US forestland
(Smith et al. 2009). Using the case study, we address three
specific questions: (1) To what extent does the tax-based
subsidy approach help to increase the accumulation of carbon
in the forest ecosystem? (2) How cost effective could a tax-
based subsidy approach be? (3) Is there spatial heterogeneity
of carbon accumulation in forestland from implementing the
tax-based subsidy approach?

METHODS

Two modelling efforts are required in order to address these
questions. A land use model is constructed that compares the
net returns from four broad land use categories: cropland,
pastureland, urban land and forestland. (Five land use
categories were defined, but the model required calculation of

only four net returns; see S1 in the supplementary materials
(available online).) The DayCent uses output from the land
use model to simulate carbon sequestration as deciduous and
evergreen trees grow (see the ‘Carbon simulation model’
section for a description regarding DayCent). As tax relief
increases the net present value of forestland relative to other
land uses, the amount of carbon sequestered increases and
is measured using information from both models. These
modelling efforts and others are described below.

Land use model

The land use model was estimated using multinomial logit
regression. This method is used to predict the probabilities of
three or more possible outcomes occurring for a categorically
distributed dependent variable, given a set of explanatory vari-
ables (Greene 2012: 803–806). The multinomial logit model
has an empirical advantage because the expected share of each
land use category can be estimated as a linear combination of
exogenous explanatory variables (Plantinga et al. 1999; Ahn
2008). (See S2 in the supplementary materials.)

Assuming a landowner maximizes utility, the probability
of choosing a particular land use is related to the expected
returns from all potential land uses since the landowner’s
utility is largely generated by the land use that provides the
maximum expected return. We used time-lagged expected
annual returns from each land use to represent their returns
(i.e. returns in 2001 and 2006 for land use choices made in
2006 and 2011, respectively, based on the limited temporal
replication in our land use data) (NLCD 2011). (See S1 in
the supplementary materials for how expected annual returns
were estimated for the four land uses.)

Potential multicollinearity among the expected annual
returns from the four land uses was diagnosed and tolerances
were such that the regression design could proceed. Because
the study area is hilly and mountainous, the slope (i.e. average
slope of 11°) may influence the land’s suitability for some land
uses (e.g. crop use and urban development) (Yang et al. 2008;
Jin et al. 2015) and the high elevation (i.e. average elevation
of 392 m) may influence land use choices through views
related to development and the crops considered. Under such
geophysical conditions, deforestation and land use changes
may have been affected by slope and elevation (e.g. Nelson &
Geoghegan 2002), and thus we controlled for these variables
in the regressions.

Average elevation and average slope were measured using
raster grids derived from the 30 m × 30 m digital elevation
model (DEM) (USGS 2013). The average elevation and aver-
age slope for 1-km2 pixels were calculated from the DEM data
using the Zonal Statistics tool in ArcGIS 10.1 (ESRI 2012).
We also included a year dummy variable indicating whether
the land use choice was made in 2006 or 2011. This variable
controls for differences in land use choices made over time
due to changes in market conditions or other trend influences.

Because the coefficients obtained from the multinomial
logit model are difficult to interpret directly, marginal effects
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Table 1 Variable names, descriptions and statistics.

Variable Description Mean (SD)
Returns from forestland Expected annual net returns from forest use at the county level (US$ per hectare) 50.15 (12.15)
Returns from pastureland Expected annual net returns from pasture use at the county level (US$ per hectare) 49.54 (3.13)
Returns from cropland Expected annual net returns from crop use at the county level (US$ per hectare) 54.31 (383.52)
Returns from urban land Expected annual net returns for urban use at the census-block group level (US$ per

hectare)
1059.35 (1541.02)

Slope Average slope at pixel level (degrees) 10.60 (4.62)
Elevation Average elevation at pixel level (metres) 392.08 (107.43)
Year dummy 1 if the land use decision was in 2011, 0 if the land use decision was in 2006 0.50 (0.50)

Figure 1 A map of the study area of the 17 Tennessee counties and
one Kentucky county, one of 179 Bureau of Economic Analysis
economic areas in the USA.

are calculated. (See S3 in the supplementary materials.) The
marginal effects are used to predict changes in probabilities of
forestland deforestation or afforestation of non-forested, non-
developed land due to changes in forestland return. Those
relationships are used to predict hectares of land afforested
and/or preserved in forest due to tax-induced changes in
forestland returns by comparing predicted land areas for a
baseline scenario (i.e. observed land use returns in 2006) and
a hypothetical scenario (i.e. forestland returns in 2006 less
property taxes – zero property tax on forestland, assuming
observed land use returns in 2006 for other land uses). Then,
we employ a carbon simulation model to estimate how carbon
sequestration is affected by the afforestation of non-forested,
non-developed land or by the deterrence of deforestation due
to tax-induced changes in forestland returns at the county
level. (See Table 1 for the descriptive statistics regarding the
returns of the four land uses.)

Carbon simulation model

A daily version of the Century model (referred to as the
‘DayCent model’) is used to trace gas fluxes (e.g. CO2, N2O,
NOx, N2 and CH4) for forestland (NREL 2016). The DayCent
model has been used extensively to simulate the effects of
changes in environmental factors and management practices
on natural and managed plant-soil ecosystems at site, regional
and global levels (Parton et al. 2001). The DayCent model
includes sub-models of plant production, decomposition of
dead plant material and soil organic matter, soil water and
temperature dynamics, as well as tracing daily greenhouse gas
fluxes (Parton et al. 2001). The plant production sub-model
is used to simulate the growth of deciduous and evergreen
forestland (hereafter called the ‘forest sub-model’). Oak and
loblolly pine are dominant tree species in the study area,
and thus the growth of oak trees and loblolly pine trees
is simulated in order to represent the growth of deciduous
and evergreen forestland, respectively (Southeast Exotic Pest
Plant Council 2013). We assumed that the mixed forestland
within a county is in the same ratio as the deciduous to
evergreen forestland in the county, because the data source
does not report the composition of mixed forestland. (See S4
in the supplementary materials.)

The 30 m × 30 m areas were aggregated for each of the five
land use categories (i.e. crop, pasture, urban, forest and other)
in order to calculate their shares within each 1-km2 pixel. The
distribution of deciduous, evergreen and mixed forest within
each pixel was used in the DayCent model to estimate carbon
densities in order to accommodate differences in potential
carbon sequestration potentials. Non-taxable forestland in
protected areas (i.e. all federal and most state conservation
lands and many privately protected areas at regional and local
scales) was excluded from the forestland use category by using
the boundaries of current protected areas obtained from the
Protected Areas Database of the United States (USGS 2013).

Carbon accumulation for each forestland type was
simulated for 1980–2163 using the forest sub-model and
information about climate, disturbance and management, as
well as other environmental characteristics. The 1980–2163
period is long enough to accommodate complex factors that
influence changes in the amount of carbon stored in a forest
stand (e.g. harvest age, spread of root diseases, extent and
severity of future fires, tree mortality caused by forest insects,
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rate of tree regeneration after disturbances, forest management
practices and potential changes in forest productivity) (USDA
2014).

Carbon sequestration was calculated based on integrating
monthly fluxes in order to account for the net balance of carbon
uptake through photosynthesis against carbon losses. (See S5
in the supplementary materials.) A series of 12 DayCent
models (i.e. 2 tree types × 6 soil types) was constructed
and daily total carbon densities in tonnes per hectare were
obtained for 1980–2163 by summing the carbon densities
from carbon pools in forestland (i.e. live trees, standing
dead trees, understory vegetation, down deadwood, forest
floor and soil organic matter) (Fig. 2). Daily weather data for
East Tennessee were acquired from the Oak Ridge National
Laboratory Daymet data server from 1980 to 2163 (Thornton
et al. 2014). The soil property data used in the DayCent
model were from the Soil Survey Geographic Database
(SSURGO) (USDA-NRCS 2012). Plant rotation schedules
and management practices were obtained from University
of Tennessee Institute of Agriculture Field Crop Budgets
(UTIA 2014) and from the CENTURY User Manual (Peng
et al. 1998).

Forecasting annualized cost of supplying forest
carbon sequestration

Carbon densities were estimated under the baseline scenario
and the hypothetical scenario. The former scenario used the
land use model to predict land allocations in 2011 based
on observed land use returns in 2006. The latter scenario
used that model to predict land allocations for 2011 based on
forestland returns in 2006 less property taxes, all other factors
being constant. The land allocations were used to predict
carbon densities for 1980–2163 for both scenarios, holding the
predicted land allocations at their 2011 levels for each scenario.
Holding land allocations at 2011 levels in order to predict the
cycle of carbon accumulation (carbon densities) before and
after 2011 (1980–2163) was done under the assumptions that:
(i) climate, disturbance and management, as well as other
environmental characteristics, were the same for the baseline
and hypothetical scenarios for 1980–2163; (ii) land allocations
for 1980–2010 were the same for both scenarios; and (iii)
land allocations for 2011–2163 were different between the two
scenarios, but fixed at their respective 2011 levels predicted
from the land use model.

To calculate annualized forest carbon sequestration, the
carbon densities from the forestland carbon pools were
summed (referred to as ‘carbon stock’) and the present
value of tonnes sequestered for each county was calculated.
Then, the weighted averages of the present values of carbon
sequestration were calculated for each county based on the
county’s shares of the two tree types and six soil types. (See
S6 in the supplementary materials.) This present value of
carbon sequestration is not obtained by comparing scenarios,
but is a within-scenario weighted average. It is worth noting
that distributions of the two tree types vary widely across

Figure 2 Daily total carbon densities in tonnes per hectare for
1980–2163 (oak trees for deciduous forestland and loblolly pine
trees for evergreen forestland).

counties, with oak trees being the dominant species (i.e. 76.6–
92.4% oak trees versus 0.6–15.6% loblolly pine trees). Because
of the different potentials for carbon sequestration between the
tree types (i.e. averages of 1.69 and 1.18 tonnes per hectare,
respectively, for loblolly pine and oak trees in the study area),
the distribution of the tree types results in different spatial
impacts of the tax-based subsidy on county carbon stocks.

Finally, the weighted averages of the present values of
carbon sequestration were annualized up to the end of the
study period (2163) with a 5% discount rate. (See Table 2 for
an example for Loudon County, Tennessee.)

Cost per hectare and quantity of carbon sequestration

The increase in a county’s forestland area resulting from
the waived forestland property tax is estimated by the
difference in the predicted forestland probabilities between
the hypothetical and baseline scenarios times the total county
area (e.g. 0.0012 × 63,973 hectares = 76.77 hectares; Loudon
County highlighted in Table 3). The county increases in
the predicted forestland probabilities are derived from the
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Table 2 Annualized carbon sequestration (tonnes per hectare) for the two tree types and six soil types for Loudon County.

Oak (84.4%) Loblolly pine Weighted average
(15.6%) across tree types

Clay loam (24.2%) 1.191 1.744 1.277
Clay (21.5%) 1.229 1.971 1.344
Loam (2.1%) 1.186 1.732 1.272
Sandy clay (52.2%) 1.156 1.534 1.215
Weighted average across soil types 1.181 1.683 1.260

marginal effects of the forestland returns (see Table 4).
Those marginal effects imply that a US$1 per hectare
in forestland returns increases the share of forestland by
0.45%, while it decreases the shares of pastureland, cropland
and other uses by 0.57%, 0.01% and 0.03%, respectively
(see Table 4). Conversely, a US$1 per hectare increase in
forestland returns increases the predicted urban land share
by 0.16%. The marginal effects imply that the increases
in forestland net returns by the tax-based subsidy would
encourage afforestation mostly of pastureland; however, the
same increase would not help mitigate deforestation for
urbanization. The afforestation of pastureland is realistically
the most feasible type of land use change that can be
encouraged by the tax-based subsidy, given that deforestation
to pastureland occurred most often among all types of
deforestation (i.e. 55%) during 2006–2011.

The increased forestland area was multiplied by the
annualized carbon sequestration rate per hectare in order
to obtain the additional carbon sequestration due to the
county-level tax-based subsidy (e.g. 76.77 hectares × 1.26
carbon tonnes per hectare = 97 carbon tonnes sequestered;
Loudon County highlighted in Table 3). The property tax
amounts were calculated by multiplying the assessment ratio
of forestland, weighted-average property tax rate in 2006
and annualized weighted-average soil expectation value per
hectare (0.25 × 0.0182 × US$48.46 per hectare = US$0.22
per hectare) (Table 3). The waived property tax (i.e. cost to the
county of the tax-based subsidy) was obtained by multiplying
the county’s forestland stock by the reduced forestland tax
revenue per hectare (6860 hectares × US$0.22 per hectare
per year = US$1509 per year) (Table 3). Finally, the county’s
annualized cost per tonne of supplying carbon sequestration
was obtained by dividing the waived property tax by the
additional carbon sequestered due to the tax-based subsidy
(US$1509 per year/97 carbon tonnes = US$15.56 per carbon
tonne) (Table 3).

RESULTS

Marginal effects of land use return

The estimated multinomial logit model correctly predicted
75% of land use allocations. The predictability and its
goodness of fit measures (i.e. McFadden’s pseudo R2 of 0.41)
verify a reasonably good performance of the model given the

limited number of covariates included. The marginal effects of
forestland, pastureland, cropland and urban land returns were
all positive and significant at the 5% level (hereafter, referred
to as ‘significant’) (Table 4). Specifically, an increase in a land
use’s own returns by US$1 per hectare increased its share of
county land area by: (i) 0.45% for forestland; (ii) 5.79% for
pastureland; (iii) 0.001% for cropland; and (iv) 0.005% for
urban land. The differences in the marginal effects of different
land use returns may be related to differences in the flexibility
of land use conversions. For example, the larger marginal
effect for pastureland may be related to pastureland being
more easily converted to other uses than conversion of the
other three land uses (Alig et al. 2010). Pastureland involves
relatively lower sunk costs than the other land uses (e.g.
forestland and urban) (Loehr 2010). Thus, pastureland can
be more easily converted to and from other land uses when its
own returns change relative to the returns of other land uses.

The cross-marginal effects of returns from pastureland,
cropland and urban land on forestland’s share were all negative
and significant. Decreases in returns for pastureland, cropland
and urban land by US$1 per hectare increased the share of
forestland by 2.98%, 0.08% and 0.02%, respectively. These
findings imply that decreases in the returns from the other
land uses relative to the returns from forestland increase
the probability of forestland being chosen as the utility-
maximizing land use.

County-level costs for supplying carbon sequestration

Table 3 presents the costs per carbon tonne of supplying
county-level forest carbon sequestration for the 18 counties
in ascending order (US$15.56–US$563.58 per carbon tonne,
column I) and the relevant values used to calculate them.
The broad range of costs is due to the variation in: (i)
the waived property tax (US$1593–US$69,937, column C),
which is multiplied by dollar amounts of property taxes
waived per hectare per year (US$0.12–US$0.86, column A)
and forestland stocks (6860–112,586 hectares, column B);
and (ii) total carbon sequestration (42–426 carbon tonnes
per year, column H), which is multiplied by changes in
the predicted probabilities of choosing forestland due to
changes in forestland returns (0.06–0.26%, column D), total
county areas (45,584–169,126 hectares, column E) and average
forest carbon sequestration rates (1.19–1.33 carbon tonnes per
hectare, column G).
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Table 3 County-level costs of supplying carbon sequestration due to tax-based subsidies at mean forestland returns for 18 counties. The rows for Loudon and Bell counties are in bold
because the comparison between these two counties is discussed in the main text.

County Cost Supply of carbon sequestration

Increased Waived Change in Total Carbon Total
return (reduced Forestland property predicted county Increased sequestration carbon Annualized cost of
tax revenue) stock tax probabilities area forestland rate sequestration carbon sequestration

A ($/hectare/ C = A × B F = D × E G (carbon tonnes/ H = F × G (carbon I = C / H ($/carbon
year) B (hectares) ($/year) D (%) E (hectares) (hectare) hectare/year) tonnes/year) tonne/year)

Loudon 0.22 6860 1509 0.12 63,973 76.77 1.26 97 15.56
Monroe 0.12 43,687 5242 0.07 169,126 118.39 1.31 155 33.82
Hamblen 0.17 10,984 1867 0.08 45,584 36.47 1.24 45 41.49
Jefferson 0.27 27,413 7402 0.17 81,326 138.25 1.26 174 42.54
Roane 0.35 56,615 19,815 0.22 102,305 225.07 1.21 273 72.58
Morgan 0.37 80,132 29,649 0.26 135,197 351.51 1.21 426 69.60
Knox 0.47 39,528 18,578 0.14 136,233 190.73 1.26 240 77.41
Cocke 0.30 81,865 24,560 0.20 114,737 229.47 1.26 289 84.98
Blount 0.27 55,913 15,097 0.08 146,852 117.48 1.33 157 96.16
Grainger 0.32 47,649 15,247 0.17 78,218 132.97 1.21 161 94.71
Union 0.20 46,769 9354 0.11 63,973 70.37 1.19 83 112.70
Claiborne 0.20 83,502 16,700 0.09 114,478 103.03 1.19 122 136.89
Sevier 0.17 104,844 17,823 0.07 154,622 108.24 1.28 139 128.22
Anderson 0.47 63,902 30,034 0.18 89,355 160.84 1.19 191 157.25
Scott 0.37 112,586 41,657 0.15 138,046 207.07 1.19 246 169.34
Campbell 0.25 108,800 27,200 0.08 128,982 103.19 1.19 122 222.95
Hancock 0.22 52,674 11,588 0.06 58,016 34.81 1.21 42 275.90
Bell 0.86 79,950 68,757 0.11 93,499 102.85 1.19 122 563.58
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We find that the cost per carbon tonne sequestered (column
I in Table 3) is lower if total carbon sequestration (column H)
is higher and waived property tax (column C) is lower. The
correlation coefficient between total carbon sequestration and
waived property tax is positive and significant across counties.
This finding suggests that higher total carbon sequestration
benefits are achievable only at a higher cost of waived property
tax; however, there are candidate counties with potential for
better cost efficiencies.

The change in the probability of choosing forestland due
to a change in forestland returns (column D in Table 3)
is the major factor determining the costs of supplying
county-level forest carbon sequestration, because the other
factors (columns A, B, E and G) are determined by
county characteristics. Thus, the difference between the
predicted probabilities of the hypothetical and baseline
scenarios is the driving force in determining county-level
costs of supplying carbon sequestration. Its importance is
illustrated by comparing the counties with the lowest and
highest annualized costs per carbon tonne (Loudon and
Bell Counties, respectively) (Table 3). The same increase
of forestland net return increases the predicted probability
of choosing forestland more for Loudon County than
for Bell County at each county’s mean forestland net
return (Fig. 3), because the marginal effect is greater at
Loudon County’s lower mean forestland net return (i.e.
US$49.00/hectare/year) than Bell County’s higher mean net
return (i.e. US$103.75/hectare/year), all else being constant.
Thus, Loudon County would achieve a lower cost of carbon
sequestration than Bell County for the same increase of net
returns from forestland through a tax-based subsidy, all other
county characteristics being constant.

Table 3 shows that the annualized costs per carbon
tonne sequestered are within (seven counties), lower (one
county) and higher (ten counties) than the range found in
the previous literature for US forest carbon sequestration
(i.e. US$30–US$90 per carbon tonne) (Stavins & Richard
2005). This finding implies that federal agencies can target
selected counties to adopt the county-level tax-based subsidy
approach based on their cost efficiency per tonne of carbon
sequestration. For example, if a budget of US$150,000
were allocated to promote carbon sequestration in the 18
counties, the relevant federal agencies could target the 11
least-cost counties (Loudon, Monroe, Hamblen, Jefferson,
Roane, Morgan, Knox, Cocke, Blount, Grainger and Union
Counties) for a total expense of US$148,151 in order to achieve
2100 tonnes of carbon sequestration. This total cost is c.
40% of the total cost of implementing the tax-based subsidy
approach in all 18 counties. The average cost per tonne of
sequestering 2100 tonnes of carbon would be US$70.63 per
tonne (= US$148,322/2100 tonnes). Given the same budget
of US$150,000, if the performance-based payment approach
(i.e. a fixed incentive per tonne of sequestered carbon) were
adopted without differentiating costs between counties, the
average cost of sequestering 1127 tonnes of carbon would be
US$133.09 per tonne (= US$149,996/1127 tonnes). T
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Figure 3 Changes in predicted probabilities of choosing forestland
at different forestland returns for Loudon and Bell Counties:
$49.00/hectare/year and $103.75/hectare/year are, respectively,
Loudon and Bell Counties’ mean forestland net returns, as
discussed in the main text.

DISCUSSION

We show that an increase in returns from forestland by waiving
the property tax on forestland increases the share of forestland
within a county, which in turn increases the accumulation of
carbon in the forest ecosystem. These results suggest that
waiving the property tax on forestland provides incentive
for landowners to afforest non-forested land and to sustain
forests that are at risk of deforestation, and thus the county-
level tax-based approach is viable. The annualized costs of
implementing the county-level tax-based subsidy approach
to the 18 county governments range between US$15.56 and
US$563.58 per carbon tonne. This broad range of costs is
mainly due to variations in total carbon sequestration and
waived property tax. Of all the cost-determining factors, the
change in the probability of choosing forestland due to a
change in forestland returns is the only driving force that can
determine the costs of supplying county-level forest carbon
sequestration through a forestland property tax subsidy.

Our county-level estimates can be used similarly to
the references that are used to aid decision making for
offering enrolment in existing payment for ecosystem services
programmes around the world (Hyde et al. 2003; Pagiola
2005; Schomers & Matzdorf 2013). For example, relevant
federal agencies can use the county-level estimates of carbon
sequestration rates and annualized costs per tonne of carbon
sequestration to target selected counties for better cost
efficiency when adopting the county-level tax-based subsidy
approach. Comparable to the Environmental Benefits Index
used in the conservation reserve programme (CRP) decision-
making process, our county-level carbon sequestration rates
and annualized costs per tonne of carbon sequestration can
help rank counties’ requests to enrol in such a tax-based
subsidy programme. Once the target counties are selected,
returns from forestland can be used to determine the bid cap
on how much property tax can be waived for each county for

an available budget similar to the maximum acceptable bid
(or bid cap) for CRP, which is based on the soil rental rate
– an estimate of the parcel’s agricultural rental value set by
the United States Department of Agriculture Farm Service
Agency (Hellerstein et al. 2015).

In practice, however, tax uniformity may be required within
a jurisdiction, and state legislatures may restrict tax codes in
counties (e.g. ‘uniformity clauses’ and the ‘Dillon’s Rule’,
respectively, in the US Constitution) (Fisher 1997; Schoettle
2003). Apart from these potential obstacles, various income
tax deductions have been claimed for land conservation
such as conservation easements, which are voluntary, legally
binding agreements that limit certain types of uses or prevent
development from taking place on the land in perpetuity
(Pidot 2005; Richardson 2010; Eagle 2011). Thus, applying
the option of offering property tax subsidies at the county
level to individual forestland owners may be considered an
alternative to incentive payment programmes.

CONCLUSION

We found a broad range of county-level costs of implementing
the tax-based subsidy approach. The demonstrated county-
level spatial heterogeneity in the effects of adopting the
county-level tax-based subsidy approach serves as an
empirically informed knowledge base for policy-makers
to utilize in evaluating trade-offs among various forest
carbon incentive payment programmes for any given
area. Specifically, the county-level estimates of carbon
sequestration rates and annualized costs per tonne of carbon
sequestration can be used by relevant federal agencies (or
state agencies, for that matter) to target selected counties.
The selected county governments can anticipate the maximum
changes in forestland and forest carbon sequestration that are
attainable within their boundaries at their respective costs per
tonne of carbon sequestration. Given the information that
is available to the selected county governments, the county
governments can make decisions on whether to participate in
the tax-based subsidy programme on this basis. If a county
government decides to participate in the programme, the
returns from forestland can be used as a reference point for
eliciting offers to subsidize the county’s cost of implementing
the programme. By framing the funding decision as a reverse
auction, such as the CRP, we resolve asymmetric information
in our county-level estimates, and thus competition between
participant counties can improve cost-effectiveness.

ACKNOWLEDGEMENTS

We gratefully acknowledge B. Wilson, J. Menard, J. Zhong, L.
Lambert and S. Kwon for helpful discussion and data support.

FUNDING

We gratefully acknowledge USDA National Institute of Food
and Agriculture for funding through the projects entitled

https://doi.org/10.1017/S0376892917000078 Published online by Cambridge University Press

https://doi.org/10.1017/S0376892917000078


242 Cho S.-H. et al.

‘Developing a Cost-Effective Payment System for Forest
Carbon Sequestration’ (Award 11401442) and ‘Benefits and
Costs of Natural Resources Policies Affecting Ecosystem
Services on Public and Private Lands’ (W3133 Multistate
Project).

Supplementary Material

For supplementary material accompanying this paper, visit
https://doi.org/10.1017/S0376892917000078

References

Ahn, S. (2008) How feasible is carbon sequestration in Korea? A
study on the costs of sequestering carbon in forest. Environmental
and Resource Economics 41: 89–109.

Alig, R., Stewart, S., Wear, D., Stein, S. & Nowak, D. (2010)
Conversions of forest land: trends, determinants, projections,
and policy considerations. In: Advances in Threat Assessment
and their Application to Forest and Rangeland Management, eds.
J.M. Pye, H.M. Rauscher, Y. Sands, D.C. Lee, J.S. Beatty,
pp. 1–25. General Technical Report PNW-GTR-802. Portland,
OR: USDA Forest Service, Pacific Northwest and Southern
Research Stations.

Baldwin, L. & Richards, K.R. (2010) Institutional Support for an
International Forest Carbon Sequestration Agreement. Discussion
Paper 2010-41. Cambridge, MA: Harvard Project on International
Climate Agreements, Belfer Center for Science and International
Affairs, Harvard Kennedy School.

CARB (2012) California’s Cap and Trade Regulation [www doc-
ument]. URL http://www.c2es.org/us-states-regions/action/
california/cap-trade-regulation

Dinan, T. (2012) Offsetting a Carbon Tax’s Costs on Low-
Income Households. Working Paper 2012-16. Washington, DC:
Congressional Budget Office.

Eagle, J. (2011) Notional generosity: explaining charitable donors’
high willingness to part with Conservation Easements. Harvard
Environmental Law Review 35: 47.

ESRI (2012) ArcGIS Help 10.1: Spatial Analyst Toolsets,
ArcGIS Resources [www document]. URL http://resources.
arcgis.com/en/communities/analysis/

EC (2016) International Forest Issues: Deforestation [www
document]. URL http://ec.europa.eu/environment/forests/
deforestation.htm

Fisher, G.W. (1997) The evolution of the American property tax. In:
Public Budgeting and Finance, eds. R.T. Golembiewski & J. Rabin,
p. 100. York, UK: Marcel Dekker, Inc.

Government of Brazil (2009) Law #12.187 of 29 December
2009. Diario Oficial da Uniao, #248-A, Secciao 1, 109–110.
Brasilia, Brazil: Presidency of the Republic of Brazil Civic House
(Executive Office) Legal Affairs Sub-Office.

Greene, W.H. (2012) Econometric Analysis (7th ed.). Boston, MA:
Pearson Education.

Hellerstein, D., Higgins, N. & Roberts, M.J. (2015) Options for
improving conservation 410 programs: insights from auction
theory and economic experiments. USDA Economic Research
Report Number 181 [www document]. URL https://www.
ers.usda.gov/webdocs/publications/err181/50532_err181.pdf

Hyde, W., Belcher, B. & Xu, J. (2003) China’s Forests: Global Lessons
from Market Reforms. Washington, DC: Resources for the Future
and CIFOR.

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of
Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, eds. R.K. Pachauri &
L.A. Meyer, pp. 1–151. Geneva, Switzerland: International Panel
on Climate Change.

Jin, G., Li, Z., Lin, Q., Shi, C., Liu, B. & Yao, L. (2015) Land use
suitability assessment in low-slope hilly regions under the impact
of urbanization in Yunnan, China. Advances in Meteorology 2015:
1–5.

Johnson, K.P. & Kort, J.R. (2004) Redefinition of the BEA economic
areas. Survey of Current Business 84: 68–75.

Loehr, D. (2010) External costs as driving forces of land use changes.
Sustainability 2: 1035–1054.

Lubowski, R.N., Plantinga, A.J. & Stavins, R.N. (2006) Land-use
change and carbon sinks: econometric estimation of the carbon
sequestration supply function. Journal of Environmental Economics
and Management 51: 135–152.

Markowski-Lindsay, M., Stevens, T., Kittredge, D.B., Butler, B.J.,
Catanzaro, P. & Dickinson, B.J. (2011). Barriers to Massachusetts
forest landowner participation in carbon markets. Ecological
Economics 71: 180–190.

Mason, C.F. & Plantinga, A.J. (2011) Contracting for Impure Public
Goods: Carbon Offsets and Additionality. National Bureau of
Economic Research Working Paper No. 16963 [www document].
URL http://www.nber.org/papers/w16963

NASS (2014) Pastureland Rent Data [www document]. URL
http://quickstats.nass.usda.gov/

NLCD (2011) U.S. Department of the Interior, U.S. Geolo-
gical Survey [www document]. URL http://www.mrlc.gov/
nlcd11_data.php

NREL (2016) DayCent: Daily Century Model [www document].
URL http://www.nrel.colostate.edu/projects/daycent/

Nelson, G.C. & Geoghegan, J. (2002) Deforestation and land use
change: sparse data environments. Agricultural Economics 27: 201–
216.

Pagiola, S. (2005) Assessing the Efficiency of Payments for
Environmental Services Programs: A Framework for Analysis.
Washington, DC: World Bank.

Parton, B., Ojima, D., Del Grosso, S. & Keough, C.
(2001) CENTURY tutorial. CENTURY Users’ Manual [www
document]. URL www.nrel.colostate.edu/projects/century/
century_tutorial.doc

Peng, C., Apps, M.J., Price, D.T., Nalder, I.A. & Halliwell, D.H.
(1998) Simulating carbon dynamics along the boreal forest transect
case study (BFTCS) in central Canada: 1. Model testing. Global
Biogeochemical Cycles 12: 381–392.

Pidot, J. (2005) Reinventing Conservation Easements: A Critical
Examination and Ideas for Reform. Cambridge, MA: Lincoln
Institute of Land Policy.

Plantinga, A.J., Mauldin, T. & Miller, D.J. (1999) An econometric
analysis of the costs of sequestering carbon in forests. American
Journal of Agricultural Economics 81: 812–824.

Richardson, J.J. (2010) Conservation easements and adaptive
management. Sea Grant Law and Policy Journal 3: 31.

Schoettle, F.P. (2003) What public finance do State Constitutions
allow? In: Financing Economic Development in the 21st Century, eds.
S.B. White, R.D. Bingham & E.W. Hill, pp. 27–49, Armonk, NY:
M.E. Sharpe.

https://doi.org/10.1017/S0376892917000078 Published online by Cambridge University Press

https://doi.org/10.1017/S0376892917000078
http://www.c2es.org/us-states-regions/action/california/cap-trade-regulation
http://www.c2es.org/us-states-regions/action/california/cap-trade-regulation
http://resources.arcgis.com/en/communities/analysis/
http://resources.arcgis.com/en/communities/analysis/
http://ec.europa.eu/environment/forests/deforestation.htm
http://ec.europa.eu/environment/forests/deforestation.htm
https://www.ers.usda.gov/webdocs/publications/err181/50532_err181.pdf
https://www.ers.usda.gov/webdocs/publications/err181/50532_err181.pdf
http://www.nber.org/papers/w16963
http://quickstats.nass.usda.gov/
http://www.mrlc.gov/nlcd11_data.php
http://www.mrlc.gov/nlcd11_data.php
http://www.nrel.colostate.edu/projects/daycent/
http://www.nrel.colostate.edu/projects/century/century_tutorial.doc
http://www.nrel.colostate.edu/projects/century/century_tutorial.doc
https://doi.org/10.1017/S0376892917000078


Evaluating a tax-based subsidy approach for forest carbon sequestration 243

Schomers, S. & Matzdorf, B. (2013) Payments for ecosystem
services: a review and comparison of developing and industrialized
countries. Ecosystem Services 6: 16–30.

Smith, W.B., Miles, P.D., Perry, C.H. & Pugh, S.A. (2009) Forest
Resources of the United States, 2007. General Technical Report WO-
78. Washington, DC: USDA Forest Service.

Southeast Exotic Pest Plant Council (2013) Landscaping with Native
Plants in Tennessee. Native tree recommendations for Tennessee
[www document]. URL www.se-eppc.org/pubs/middle.pdf

Stavins, R.N. & Richards, K.R. (2005) The Cost of U.S. forest-based
Carbon Sequestration. Prepared by the Pew Center on Global
Climate Change [www document]. URL http://www.c2es.
org/publications/cost-us-forest-based-carbon-sequestration

Thornton, P.E., Thornton, M.M., Mayer, B.W., Wilhelmi, N., Wei,
Y., Devarakonda, R. & Cook, R.B. (2014) Daymet: Daily Surface
Weather Data on a 1-km Grid for North America, Version 2.
Prepared by Oak Ridge National Laboratory Distributed Active
Archive Center, Oak Ridge, Tennessee, USA [www document].
URL http://daac.ornl.gov

USDA (2014) Nez Perce–Clearwater National Forests Forest
Plan Assessment. 4.0 Baseline Assessment of Carbon Stocks

[www document]. URL http://www.fs.usda.gov/Internet/
FSE_DOCUMENTS/stelprd3796950.pdf

USDA-NRCS (2012) SSURGO database [www document]. URL
http://www.nrcs.usda.gov/wps/portal/nrcs/site/soils/home/

USEPA (2012) Carbon Sequestration through Reforestation. A
Local Solution with Global Implications [www document]. URL
https://semspub.epa.gov/work/HQ/176034.pdf

USEPA (2013) Inventory of U.S. Greenhouse Gas Emissions
and Sinks: 1990–2011. EPA 430-R-13-001. URL [www
document]. https://www3.epa.gov/climatechange/Downloads/
ghgemissions/US-GHG-Inventory-2013-Main-Text.pdf

USGS (2013) Gap analysis program: protected areas database of the
United States (PADUS), version 1.3 Combined feature class [www
document]. URL http://gapanalysis.usgs.gov/padus/data/

UTIA (2014) Field Crop Budgets [www document]. URL http:
//economics.ag.utk.edu/budgets/2014/2014RowCropBudgets.
pdf

Yang, F., Zeng, G., Du, C., Tang, L., Zhou, J. & Li, Z. (2008).
Spatial analyzing system for urban land-use management based on
GIS and multi-criteria assessment modeling. Progress in Natural
Science 18: 1279–1284.

https://doi.org/10.1017/S0376892917000078 Published online by Cambridge University Press

http://www.se-eppc.org/pubs/middle.pdf
http://www.c2es.org/publications/cost-us-forest-based-carbon-sequestration
http://www.c2es.org/publications/cost-us-forest-based-carbon-sequestration
http://daac.ornl.gov
http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprd3796950.pdf
http://www.fs.usda.gov/Internet/FSE_DOCUMENTS/stelprd3796950.pdf
http://www.nrcs.usda.gov/wps/portal/nrcs/site/soils/home/
https://semspub.epa.gov/work/HQ/176034.pdf
https://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2013-Main-Text.pdf
https://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2013-Main-Text.pdf
http://gapanalysis.usgs.gov/padus/data/
http://economics.ag.utk.edu/budgets/2014/2014RowCropBudgets.pdf
http://economics.ag.utk.edu/budgets/2014/2014RowCropBudgets.pdf
http://economics.ag.utk.edu/budgets/2014/2014RowCropBudgets.pdf
https://doi.org/10.1017/S0376892917000078

	INTRODUCTION
	METHODS
	Land use model
	Carbon simulation model
	Forecasting annualized cost of supplying forest carbon sequestration
	Cost per hectare and quantity of carbon sequestration

	RESULTS
	Marginal effects of land use return
	County-level costs for supplying carbon sequestration

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS
	FUNDING
	Supplementary Material
	References

