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Abstract

Carbon dioxide removal (CDR) from the atmosphere, a critical component of all
strategies for restricting global warming to 1.5°C, is expected to come largely from the
continued sequestration of carbon in vegetation, mainly in forests. Because CDR rates
have been declining in the United States, in part from land-use changes, policy
proposals focus on altering land uses through afforestation, avoided deforestation,
and no-net-loss strategies. Estimating policy effects on CDR requires a careful
assessment of how land-use change interacts with forest conditions.

Using a model of land-sector emissions that mirror inventories generated by the US
government, we evaluate how alternative specifications of land-use change in the
United States affect projections of CDR. Without land-use change, CDR declines from
0.826 gigatons (GT) per year in 2017 to 0.596 GT/year in 2062 (-28 percent) because
of the aging and disturbance of forest vegetation. With a land-use scenario that
extends recent rates of change, we contrast CDR estimates for a case where only net
changes in forest area or carbon stocks are tracked with estimates that separately
take account of forest losses and forest gains. The net change approach
underestimates the CDR effects of land-use change by about 56 percent. We also
compare long-run CDR losses from deforestation with gains from afforestation per
unit area and find that afforestation gains lag deforestation losses in every US
ecological province. Planted forests accelerate CDR benefits over naturally
regenerated forests in the Southeast and Pacific Coast regions.

Net change approaches substantially underestimate the effects of land-use change on
CDR and should be avoided. We show that avoided deforestation provides up to twice
as much CDR benefit as increased afforestation. The disparities in the CDR effects of
afforestation and deforestation indicate that no-net-loss policies could mitigate some
CDR losses but would likely lead to overall declines in CDR for our 45-year time
horizon. Over a longer period, afforestation could offset more of the losses from
deforestation but on a timeframe inconsistent with most climate change policy efforts.
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1. Background

Global emissions pathways that restrict global warming to 1.5°C (IPCC 2022) and the
US Long-Term Strategy for reaching net zero emissions by 2050 (US Department of
State 2021) require unprecedented carbon dioxide removals (CDR) from the
atmosphere in addition to substantial emissions reductions. The majority of historical
and anticipated CDR comes from vegetation and soils, and especially in forests.
However, levels of CDR have been declining because of a combination of changes in
forest conditions and land uses (Wear and Wibbenmeyer 2023; Smith et al. 2023).
Future levels of land-based CDR will be determined by a combination of policies,
forest biology, and market-driven demands for land in various uses. Projections of
policy effects need to account for land-use and forest changes and how these two
dynamics interact.

This study evaluates how alternative specifications of land-use changes affect
projections of land-based CDR in the United States while accounting for dynamic
forest inventories. We developed a detailed projection model for land CDR that mirrors
the historical inventories of CDR provided by the US government (US Environmental
Protection Agency 2021), using the same core data sets (plot-level data from USDA’s
National Resources Inventory, NRI, and the US Forest Service’s Forest Inventory and
Analysis, FIA) and the same aggregation logic. This model, which we call the Carbon
and Land Use Model, or CALM, is based on comprehensive modeling of all land uses
and the dynamics of forest carbon stocks, including harvesting and all other forest
disturbance vectors. It allows us to make projections that are directly comparable to
the historical inventories of CDR. We compare a model of net land-use changes with
one that addresses all component changes, where all gains and losses are modeled.
The net change model does not distinguish between changes in the carbon density of
forest gains and forest losses so results in biased CDR estimates, especially when net
change involves large offsetting gains and losses in forest area. Component change
models account for these countervailing effects. We further explore alternative
assumptions about the interaction of land-use changes with the structure of the forest
inventory using the component change model.

Land-based CDR has been addressed using various formulations of land-use change.
Integrated assessment models generally account for land-use changes but not forest
dynamics that would support an explicit link between use decisions and forest carbon
outcomes (Daigneault et al. 2022). Forest land-use change is modeled either as net
change or with a component change approach at high levels of aggregation and
without links to forest dynamics, which amounts to a de facto net change model.
Global forest sector models, such as the Global Trade Model (Sohngen, Mendelsohn,
and Sedjo 1999) and the Global Forest Products Model (Buongiorno et al. 2003),
address forest dynamics using age-based yield curves and allow for endogenous
change among rural uses with exogenous projections of urban uses, but because land
use and carbon are specified at national levels, they cannot address subregional
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differences in carbon stocks. Similarly, FASOM-GHG, a partial equilibrium model of the
US forest and agricultural sectors, uses exogenous projections of urban land use,
downscaled to subregions based on historical patterns of change (Wade et al. 2022).
The resulting model approximates a component change approach at broad scales.
Empirical models of land-use change (R. N. Lubowski, Plantinga, and Stavins 2006; R.
Lubowski, Plantinga, and Stavins 2008) have been used to evaluate CDR policies but
without a link to the carbon content of existing forest land or forest dynamics. We
developed a similar fine-scale empirical model of all component land-use changes
linked to forest carbon inventories and dynamics. This allows us to test how various
land-use change formulations affect CDR projections.

Most policies focused on enhancing CDR from land intend to affect emissions
outcomes by changing land uses, including through tree-planting initiatives
(afforestation) (Domke et al. 2020) and smart-growth initiatives that avoid
deforestation (Nelson 2009). Other mechanisms, not addressed in this paper, involve
forest management treatments for enhancing carbon stocks, such as delaying timber
harvests or expanding the utilization of wood in the built environment (e.g., through
mass-timber products) that would grow the complementary carbon sink of harvested
wood products. The literature on nature-based climate solutions emphasizes
afforestation as the most effective tool for expanding CDR from land (Cook-Patton et
al. 2020; Fargione et al. 2018; Bastin et al. 2019). Motivated in part to protect forest
climate benefits, some US states (Maryland, Connecticut, New Jersey) have proposed
no-net-loss policies that use afforestation banks to offset deforestation. The 145
countries that have signed the Glasgow Declaration on Forests at the 26th UN Climate
Change Conference of the Parties “commit to working collectively to halt and reverse
forest loss and land degradation by 2030,” though it is not clear whether the
commitment defines forest loss as deforestation or would be based on a net change
measure (Gasser et al. 2022). The potential efficacy of these policies needs to be
evaluated in a way that accounts for how land-use changes interact with existing
forests and forest dynamics.

2. Methods

With CALM, we model net carbon emissions from the land sector in the United States
at the county level based on persistent land uses and land-use changes using a
combination of net emissions factor and stock change approaches. Consistent with
greenhouse gas (GHG) inventories, we categorize nonfederal land use based on broad
categories from the NRI: cropland (2), forest (F), settlement (S), and other (O, which
includes rangeland, pasture, and participation in the Conservation Reserve Program).
We treat land uses on federal lands as fixed and account for net emissions from
federal forests. To estimate net emissions from nonforest land uses and changes
between nonforest land uses, we apply time-constant net emissions factors (emissions
minus sequestration per acre), calculated based on the US Environmental Protection
Agency's Greenhouse Gas Inventory (US Environmental Protection Agency 2021). We
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account for net emissions from changes in forest conditions—including forest aging,
disturbances, and management regimes in the forest land uses—and net emissions
from conversions into and out of forest using a stock change approach based on plot-
level data from US Forest Service FIA data (i.e., net emissions are defined by the
difference in year-to-year carbon stock estimates). We model nonfederal land-use
changes at the county level but model forest conditions and carbon outcomes for
ecological regions defined by county aggregates to allow for the exchange of data
between model components.

2.1. Net Emissions from Nonforest Uses

For each time step, we define a 4 X 4 change matrix of nonfederal land-use categories
for each county with diagonal elements defining persistent land-use area and off-
diagonal elements defining all from-to changes. Define the land-use change matrix for
county i at time t as

where elements a®/ define area in use k at time t-1and in use j at time t, including
both federal and nonfederal lands, and units are acres. The difference between the
vector of row sums and column sums defines net land-use change for the categories.
The sum of all matrix elements is equal to the total nonfederal land area in a county.

Define the net emissions factor' for nonforest land uses and land-use changes as

cZZ 2SS ZO0
¢ =%z o5 oo © 2
c’* c¥° ¥ 0
0 0 0 0

where elements c¥/ define net carbon emissions per acre for area in use k at time t-1
and in use j at time t (units are million metric ton CO, equivalents). Elements involving
forest area or forest area changes are set to zero and are modeled using the stock
change approach described below.

"We use lowercase c to refer to emissions or flows of carbon but uppercase C to refer to stocks
of stored carbon.
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The net carbon emissions for nonforest land uses and land-use changes among
nonforest land uses in county i is defined by the Hadamard product of 4;; and c:

NF _ o
Cip =Ai°cC 3

Summing elements of c/y* defines total nonforest net emissions for each county, cii*,
and summing across counties defines the US total.

~NF _ VN =NF
Ct = Li=1Cit - 4

2.2. Net Emissions from Forests

Area-based net emissions factors are inadequate for describing carbon sinks in
forests because the rate of net emissions varies substantially with forest age, species
composition, disturbances (including harvest), and characteristics of soils associated
with forest location (D. N. Wear and Coulston 2015; 2019). As well, transitions into and
out of forest uses involve an accounting for standing forest biomass and the transfer
of soil carbon into or out of forest uses (the latter is necessitated because we use net
emissions approaches for nonforest land and stock change approaches that include
soil carbon for forest land).

We allow forest carbon stocks and net emissions to differ across several dimensions
and define “forest classes,” indexed by m, based on combinations of forest species
group, stand management class, ownership, and region. Forest species groups,
indexed by g, include softwood and hardwood species groups (Q=2). Stand
management classes, indexed by s, include planted, nonplanted, or aggregated (S=2
or 1, depending on species group and region). Ownership classes, indexed by v,
separate federal and nonfederal ownerships (V = 2). Finally, regions, indexed by r, are
Bailey’s ecoregions at the province level (R=19). Altogether, forest species groups,
stand management classes, ownerships, and regions define M = Q X S XV X

R forest class.? For each forest class, in each time period, we define an L X 1 vector
(Fpe) with elements f7,,,; describing the forest area in each age class within forest
class m (age groups are defined differently for eastern and western forests because of
data availability). Each of these M vectors defines a “population” of forests, to which
we apply a separate population dynamics model.

Each forest area vector is aged using an L X L age transition matrix:

Fm,t+1 =T Fmt 5

2Because S is variable across regions and owners, the total number of groupings is 79.
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T is defined as a Lefkovitch transition matrix that allows for disturbance-related
mortality (including harvest) and aging transitions among age classes and imposes a
maximum age limit on the forest population. The carbon stock at time t (C,flt) arrayed by
forest age class is estimated by multiplying a 1 X L vector of carbon density estimates
(d ., units are MT C/acre) by the transpose of the respective forest area vector:

C‘,I-:lt = derlnt 6

Net emissions are defined as the negative of between-period change in forest carbon
stocks, where A converts mass of solid carbon to atmospheric (CO,) equivalents based
on the ratio of their molecular weights (A =44.01/12.07).

e = —(Che — Cipe—1) X A 7

Summing across forest classes (m) defines US totals.

=F _ M F
Ct = m=1cm,t 8

This expresses the flow of carbon in a growing forest as a reduction in atmospheric
carbon (negative values, consistent with nonforest emissions factors). Conversely,
shrinking forest carbon stocks imply emissions to the atmosphere (positive values).

Total net land-based carbon emissions are defined as the sum of net emissions from
nonforest land and forest land (equations 4 and 8).

e, =cf +cf 9

2.3. Emissions from Land-Use Changes Involving Forests

We now focus on how to incorporate forest land-use changes in the last row and last
column of the change matrix in equation 1. Recall that a land-use change matrix is
defined for each county and that forest carbon is modeled for areas defined by a
combination of region, forest, management, and ownership types, organized by age
classes. After assigning each county i to a region r based on its plurality of forest area,
we define the area of forest gains (FG) and forest losses (FL) for each region as follows:

k,F
FGp = Zier Zke{z,o} a;; 10

F
FLyy = Zier ZjE{Z,S,O} ait]- i
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We distribute forest gains and forest losses to forest classes within each region such that

FGy = EmEJVEr f91me 12
FLy = Zme]v[r Yic1 fGime 13

where fg and f1 are the forest gains and losses, respectively, within age class or in
forest class m and M. is the set of forest classes within region r.2 For forest gains, all
new forest land is added to the youngest age class (/=1). NRI data and land-use
models do not assign area changes to the specific forest classes that are assigned
based on FIA data. Therefore, we experiment with several approaches, described
below, for allocating gains and losses. We then assemble age class-specific values of
fg and flinto L X 1 vectors FG,,; and FL,,;, respectively, and modify equation 5 to
account for forest land-use changes:

Fm,t+1=TFmt+FGmt_FLmt' 5’

A final step in modeling total land-based net carbon emissions is to account for the
transfer of soil carbon stocks associated with land-use changes between forest and
nonforest uses. Estimates of forest carbon stocks (CF in equation 6) include
aboveground and belowground biomass as well as a substantial amount of soil carbon.
When a unit of land moves from nonforest to forest uses at age O, the forest carbon
pool immediately increases by the stock of soil carbon. Because carbon emissions and
not stocks are modeled on the nonforest land, the transfer of soil carbon from the
nonforest use is not accounted for. As a result, failing to account for the transfer of
soil carbon to forest would cause double counting. We correct for the double counting
using soil carbon debits and credits. Define the soil carbon transfer (SCT) of forest-
related land-use changes as

where sc is the average soil carbon density for the referenced component of the forest
inventory.

The accompanying soil carbon transfers are addressed by modifying equation 8 as
follows:

C_'f = %=1 CTI;"lt + SCTmt 8

® That is, the dimension of M. is Q X S X V.
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With these adjustments to equations 5 and 8, land-based net carbon emissions
described by equation 9 account for net emissions for forest areas and changes (stock
change model), for nonforest areas and changes (net emission factor model), and for
carbon transfers between the two models.

2.4, Data and Estimation

Land carbon sinks are not directly observed; therefore, we approximate components
of net emissions described in the preceding section using a variety of models and data
sources, including the national Greenhouse Gas Inventory (GHGI) (US Environmental
Protection Agency 2021), FIA (Bechtold, Patterson, and Editors 2005) , and NRI (US
Department of Agriculture 2020), which surveys land-use change on nonfederal lands.

We construct net carbon emissions estimates for the nonforest land-use categories of
the NRI (crop, settlement, and other) based on the GHGI. These estimates provide our
measures of the elements of ¢ (equation 2). We construct these per acre emissions
coefficients by dividing net emissions by area within individual nonforest land-use and
land-use change categories reported in the GHGI, and we use national average values
from 2015-2020. Conversions of land across uses (described in A;;) are tracked and
modeled at the county level based on data from the NRI.

FIA plot records include assignment to an ecological province based on the National
Hierarchical Framework of Ecological Units (Cleland et al. 2007). We assign each plot
to its ecological province (our regions defined as an aggregate of sections) and assign
each county to a province based on plurality of forest area in each province. After
merging four small provinces with adjacent provinces, we have 21 provinces (Figure 1.
Provinces are based on commonality of various factors, including climate, geological
features, potential vegetation, soils, and hydrology and therefore define a useful
aggregation of plots for modeling carbon productivity (McNab et al. 2007).

Net emissions from forests are derived from carbon stock change estimates of
individual forest classes based on measured change in forest carbon observed in FIA
data. We use FIA plot data to define the current distribution of forest attributes (F,
vectors), transition matrixes (T, , equation 5), and the forest carbon stock density
coefficients (d,,, , equation 6).% FIA inventory records include estimates of forest
carbon stock based on measured tree biomass and a set of ancillary variables for six
carbon pools (live-tree biomass, downed dead wood, standing dead trees, understory
vegetation, forest floor and litter, and soil organic carbon; see Woodall et al. 2015). We
use the CARBON function in the R package rFIA (Stanke et al. 2020) to query the FIA
databases for the 48 conterminous states for plot estimates of per acre carbon stocks
along with identifiers for age (which we convert to age class 1...L) and forest class (m).
We sum component pools to define total carbon stock per acre for each plot. For each

“ In some cases, individual plots may span more than one forest stand, defining “condition”
components of the plot. We use condition records to generate estimates. For ease of
exposition, we refer here to “plot” records.
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forest class, we use these plot records to fit an equation defining forest carbon
density (t/hectare) as a function of forest age class.® Predicted values are used to
define the d,;, vectors. We specify carbon density models as logistic functions of
measured forest carbon stocks and ages:

dmi(6) = K/(1 + e*70%), 15

This assumes an asymptote or carbon-carrying capacity of K (t/hectare), which we
define as 0.925 times the maximum observed carbon density in each forest class (m);
this excludes some large outlier estimates from the modeling. Letting d;:_l(t) =
dm,i(t)/K define the proportion of carrying capacity observed at t allows for
estimation of the logistic curve using ordinary least squares:

[1—dﬁt)]) _ _
ln( e =a+0t +¢ 16

We use the estimated regression equation to define discrete elements of the carbon
density array d,,, for each forest class m. Using this regression approach rather than
average observed densities addresses data missing for some age classes and high
variability in older average densities linked to small samples. The predicted carbon
density curves are summarized in Figure 2. The highest density of carbon is found in
mature forests in the Pacific Coast region. In the Southeast, despite lower densities,
the rate of accumulation in young stands is high. Planted forests accumulate carbon
more rapidly in early years than do naturally regenerated forests in the Pacific Coast
and the Southeast.

We estimate transition matrices (T;,,) using queries of measured change in remeasured
plots using the AREACHANGE function of rFIA to define the area of forest moving
between age classes for each of the forest classes defined above. Not all states in the
Arid West have remeasured plots in the FIA database, but all ecological provinces have
plots from which a transition matrix could be estimated. For each forest class m, we
then sum transitions between age classes and derive periodic proportional changes.®
Where initial age classes are missing from the queries, we apply the average transition
probabilities from adjacent rows of the transition matrix. Forests do not age beyond the
maximum age class L, but mortality shifts some of this area to younger ages. For

® Plot records indicate that many plots contain trees of variable ages. Forest age is defined by
the average age of the dominant age class, and we assume that this age, when intersected with
forest type and region, defines a characteristic forest condition. The average age of the
dominant age class generally increases as a linear function of time, and empirical transition
probabilities capture the aging process.

® The FIA sampling protocol calls for remeasuring fixed plots on a rotating basis and at an
interval of five to 10 years. All eastern states, Plains states and Pacific Coast states have
recorded remeasurements in their databases, but few remeasurements are available for Rocky
Mountain states. We build models based on ecological provinces and can construct all age
transition matrices from available data. Those for the Rocky Mountain states are based on few
observations, relative to the total area, and may be less certain than for other regions.
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eastern forests, where inventory remeasurement is more frequent, we use five-year age
classes with a maximum age of 150 years; in the Pacific Coast and Arid West, we use 10-
year time steps with a maximum age of 210 years. The resulting predicted age class
distributions from estimated transition matrices (T}, ) are summarized in Figure 3. The
age class distributions in Figure 3 shift to the right over time, but the average age
increases by less (9.5-16.9 years) than the time step (20 years), reflecting the effects of
harvesting, disturbance, and tree mortality in plots with multiple age cohorts, consistent
with previous studies (D. N. Wear and Coulston 2019).

2.5. Modeling Scenarios

The focus of our analysis is on understanding how specification of land-use change
vectors (equations 10 and 11) affects estimates of CDR. We examine two alternative
formulations of changes in forest land: one based on net changes in total forest land,
and a second that addresses all components of net change and accounts for
differences in the carbon content and dynamics of gains and losses of forests. Note
that land-use models that provide component land-use changes but don’t address
differences in the forest carbon densities of losses and gains are equivalent to our net
change formulation. In all cases, we assume that forest land use changes occur only on
nonfederal lands. Model comparisons are based on a land-use projection designed to
extend recent patterns of land-use change over a 45-year period.

1. Net change model. This model assumes we have information only on net
changes in total forest land, and thus defines net forest change for each
region as NC,, = FG, — FL,, where FG are forest gains and FL are forest
losses arrayed by age classes. We distribute NC,. to each forest class
proportionally according to its share of nonfederal forest area in its region at
t-1. A de facto net change model would also result when forest gains and
losses are observed and modeled but without an accounting for differences in
their distribution across forest cohorts.

2. Component change models. These models make use of data on forest gains
and losses, allowing us to compare net emissions estimates with those
derived from data on net changes only. We independently link FG,.+ and FL,;
to forest cohort components using two approaches. In the base case, gains
enter as forests of age zero (age class 1) on nonfederal lands in proportion to
the aerial extent of each forest class. Losses are applied across all age classes
in proportion to the aerial extent of each forest class. In the intensive case, we
adjust the base case by assuming that, in regions with extensive planted
forests (the Southeast and parts of the Pacific Coast), new forests enter the
model as planted forests.
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3. Results

To evaluate the effects of land-use change specifications, we first simulate the effects
of a scenario with no land-use changes. To allow for comparability with national GHGI
for the land-use, land-use change, and forestry sector, we include CDR from wood
product carbon pools, which we hold constant at the average rate observed between
2016 and 2020. For this scenario, projections reflect only the evolution of forest
carbon stocks due to changing age class distributions within each forest class. These
forest dynamics lead to a substantial reduction in the CDR rate for the land sector: it
falls from 0.826 GT/year in 2017 to 0.596 GT/year in 2062. Changes in CDR are
greatest in the hardwood regions of the Northeast and for planted pine forests in the
Southeast (Figure 4). These downward shifts are associated with forests that are
aging out of their high carbon accumulation phases (to the right of the inflection point
in carbon accumulation curves, shown in Figure 2). The shift is especially acute in
planted pine forests, where young trees grow very rapidly.

Our model projects land-use change from 2012 to 2062 based on trends from 1997 to
2012 and land-use returns as of 2012 (D. Wear and Wibbenmeyer 2023) and projects
carbon outcomes from 2017 to 2062. Figure 5 maps and Figure 6 summarizes
projected changes in four aggregate land-use categories—cropland, forest,
settlements, and other—by the end of the simulation period (2062). Under this
scenario, we project strong shifts out of cropland and into other land uses and
settlements in the Upper Midwest; farther west, we project some expansions of
cropland and shifts out of other land uses. Projections indicate declines in forest area
throughout the period in the Southeast and Pacific Coast regions (Figure 6). In the
Northeast, forest area is projected to continue expanding until about 2035 and then
decline for the remainder of the projection period. In the Northeast and the Southeast,
net changes are the result of larger component changes (gains and losses); in the
Pacific Coast, steady losses in forest area are not offset by gains.

The estimated effects of land-use changes on forest CDR vary substantially among
model formulations (Figure 4, Table 1). The net change formulation, based on
assigning net change in forest area across all forest types according to areal
proportion, further reduces estimated CDR by 772 MMT CO, over the simulation
period, or by about 17.2 MMT CO,/year. The component change model, which
distinguishes between carbon implications of gains and losses to forest area, reduces
estimated CDR by 1,894 MMT CO, over the simulation period, or by about 421 MMT
CO,/year. For the intensive case, where afforestation activities are focused on rapidly
growing planted forests in the Southeast and the Pacific Coast regions, the reduction
in CDR is mitigated somewhat: CDR falls by 1,673 MMT CO,, or about 37.2 MMT
CO,/year.
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The influence of the land-use change specification varies by region. The net change
model underestimates CDR losses in regions where much land-use change is
concentrated: by 61 percent in the Southeast and by 88 percent in the Northeast. In
contrast, the net change model underestimates CDR losses by about 4 percent in the
Pacific, where most projected forest losses are not offset by forest gains.

Table 1. Change in Net Emissions (MMT CO: eq) under Alternative Land-
Use Models, 2017-2062

Land use model results compared with base case

Component change

Region Net change Component change + intensification
Arid West 126 231 231

Northeast 66.8 568.4 568.4

Pacific Coast (natural) 2152 2282 234.0

Pacific Coast (planted)  106.0 106.8 101.6

Southeast (natural) 237.9 7732 10481

Southeast (planted) 133.4 194.3 -302.0

Total 77.8 1894.0 1673.3

At the national level, the net change model underpredicts CDR losses projected by the
component change models by 54 to 59 percent, reflecting the disparity of carbon
densities in afforested and deforested land as applied to our specific land-use change
scenario. The effects for other scenarios would be different, depending especially on
the regional distribution of land-use changes.

To further explore the implications of variable afforestation and deforestation rates as
described in the component change model, we conduct experimental runs with the
CALM model. To simulate the effects of afforestation (deforestation), we model the
CDR effects of adding (removing) a hectare of forest from (to) the other category in
each ecological province at the beginning of the simulation period. We apply a
weighted average of effects by forest types within each ecological province. The
resulting changes in CDR reflect differential rates of forest carbon accumulation
based on each region’s modeled carbon productivity and the effects of all forest
disturbances over the period. In all ecological provinces, the CDR gains from one ha of
afforestation do not fully compensate for CDR losses from one ha of deforestation
over the 45-year period. That is, 45 years is not long enough to recapture CDR losses
from deforestation. The ratio of afforestation gains to deforestation losses (Figure 8B)
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defines the number of ha required to compensate for CDR losses due to one ha of
forest loss; it ranges from a low of about 1.4 ha in several northeastern and
southeastern provinces, including the southeastern Coastal Plain and Piedmont, the
Midwestern Broadleaf, and Laurentian provinces, to more than 2 ha in western regions,
including the California Coastal, Cascades, Sierras, and Rocky Mountain provinces.

We apply the same approach to estimate the CDR gains accruing to planted forests
alone. Planted softwood forests generally produce more CDR than the average forest
condition during the 45-year simulation period (see the points in Figure 8A). In the
Cascades, Piedmont, and Coastal Plain ecological provinces—those with the most
active forest management in the United States—the ratio of afforestation gains to
deforestation losses approaches 1.0 (see the points in Figure 8B). Here, CDR from
afforestation with planted forests would nearly offset CDR losses from deforestation
over the period.

4. Discussion

We developed a model that couples an empirical land-use choice model with a model
of land-based carbon dynamics. CALM is specified such that we can evaluate the
interaction of land-use changes with detailed forest conditions and dynamics as they
affect changes in land-based CDR. Because the model incorporates both a complete
description of forest inventories (including age, forest type, ownership, origin class,
and ecological region) and a transition model that incorporates historical rates of
disturbances (including wildfire, harvesting, insects, diseases, and wind events),
projections of CDR fully account for growth potential and ongoing disturbance losses.
As a result, our estimates of the effects of afforestation and deforestation on carbon
dynamics account for expected losses due to these factors.

We use CALM to evaluate how alternative models of land-use change affect estimates
of CDR outcomes. We find that a net change approach substantially underestimates
the CDR losses from our land-use change scenario (by 54 to 59 percent) because of
the differences in CDR losses associated with deforestation and CDR gains from
afforestation. Misspecification has its greatest consequence where net changes are
the result of large offsetting areas of afforestation and deforestation (e.g., the
Southeast). In areas where deforestation is not offset by much afforestation, the
effects are muted (e.g., the Pacific Coast).
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5. Conclusion

CDR from land is a critical component of global and US climate change mitigation
strategies. The US Long-Term Strategy (US Department of State 2021) and the Fourth
Biennial Report (United States 2021) anticipate that land will provide a substantial
carbon sink, and the Long-Term Strategy emphasizes the potential role of
afforestation in building that sink. Both reports highlight the uncertainty about
projections defined by the complexity of interactions between land use and biological
growth components. Our results confirm the importance and nuance of land-use
changes as they interact with forest conditions in determining the land sector’'s CDR
in the United States. They also highlight how this source of CDR is expected to decline
because of forest aging and disturbances: CDR would fall by 28 percent over 45 years
even without land-use changes.

Our results further highlight how land-use changes interact with forest carbon stock
dynamics to determine overall CDR in the land sector. Our component change model
allocates land-use changes to reflect the overall distribution of forest conditions in
each forest class but relies on a set of assumptions. A next step in refining estimates
of CDR would be empirical models that assign changes to forest classes based on
observed transitions from forest inventories. Precision might also be enhanced by
modeling forest dynamics for even smaller subregions. We also show that changes at
the intensive margin can alter CDR outcomes consistent with Tian et al. (2018). Future
research could address switching between forest management intensity classes within
the structure of our land-use model and consistent with forest sector models.

Net change approaches substantially underestimate the effects of land-use change on
CDR and should be avoided if estimates of all component changes are available.
Although global forest sector models incorporate an approximation of component
changes, integrated assessment models generally lack the details on current forest
stocks and dynamics that would allow for linking land-use dynamics to component
changes in forest carbon sinks (Rose and Sohngen 2011). This limits their ability to
address avoided deforestation as a policy instrument. Component change approaches
suggest that avoided deforestation may provide up to twice the CDR benefits as
increased afforestation, though policy design would require further cost assessment.
The disparities in the CDR effects of afforestation and deforestation indicate that
while no-net-loss policies could mitigate some CDR losses, they would lead to overall
declines in CDR for our 45-year time horizon. Over a much longer period, afforestation
could offset more of the losses from deforestation but at a timeframe inconsistent
with most climate change policy efforts. These results are also consistent with
concerns that efforts to curb deforestation, such as the Glasgow Declaration on
Forests, would likely be ineffective at reducing global emissions, if based on a no-net-
loss approach (Gasser, Ciais, and Lewis 2022).
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A. Appendix: Figures

Figure 1.US Ecological Provinces and Broad Regions
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Note: Each county is assigned to a province based on its forest area’s most common type, as shown by the FIA database.
Broad regions are defined by aggregates of the ecoregions: The Pacific Coast region is defined by the blue shaded
ecoregions; the Southeastern region is defined as the combination of S.E. Mixed Forest, Outer Coastal Plain, Lower
Mississippi Riverine, and Prairie Parkland -Subtropical; the Northeastern region is defined as all the green shaded ecoregions
outside of the Southeast. The Arid West is defined by the orange to red shaded ecoregions.
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Figure 2. Predicted Carbon Densities (tons/ha), by Forest Type and

Region
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Note: Each line represents the relationship between density and age for ecological provinces
and origin classes in each region and forest type grouping (see Equation 16).
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Figure 3. Age Class Distributions, by Forest Type and Region, 2017,
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Note: The data are based on transition models for each ecological province, forest type, origin,
and owner class, and the results are totaled.
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Figure 4. Carbon Dioxide Removals. (A) Historical (1990-2020) and Projected (2022-2062)
CDR, by Land Use. (B) Forest CDR with No Land-Use Change, 2022-2062, by Forest Type and
Region.
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Figure 5. Projected Changes in US Land Use, 2012-2062, by Type. (A) Percentage Change, by
County. (B) Total Changes, in Million Hectares.
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Figure 6. Projected Changes in US Land Use and Forest Area, by Region, 2012-2062. (A) Crop,
Forest, Settlement, and Other Uses. (B) Forest Gains, Losses, and Net Changes.
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Figure 7. Patterns of Forest Carbon Sequestration, by Region. (A) Base Case with No Land-Use
Change. (B-D) Difference between Base Case and Alternative Land-Use Models.
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Note: Bars for the Southeast and Pacific Coast regions differentiate forest origin class (planted or natural). Dashed lines
show the total difference. Negative values indicate net sequestration of atmospheric carbon; positive values indicate net
emissions.
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Figure 8. Carbon Emissions in 2020, by Ecological Province. (A) Net Emissions Effect over 45
Years of 1 ha of Deforestation and 1 ha of Afforestation. (B) Ratio of Deforestation and
Afforestation Emissions Rates.
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Note: In (A), the points show the net emissions effects (t C / ha) of planted softwood forest afforestation in four provinces,
and in (B), the points show the ratio of deforestation and afforestation emissions rates for these planted forests.
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