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

Results  We evaluate how alternative specifications of land use-forest condition interactions in the United States 
affect projections of CDR using a model that mirrors land sector net emission inventories generated by the US 
government (EPA). Without land use change, CDR declines from 0.826 GT/yr in 2017 to 0.596 GT/yr in 2062 (28%) 
due to forest aging and disturbances. For a land use scenario that extends recent rates of change, we compare 
CDR estimated based on net changes in land use (Net Change model) and estimates that separately account for 
the distinct CDR implications of forest losses and forest gains (Component Change model). The Net Change model, 
a common specification, underestimates the CDR losses of land use by about 56% when compared with the 
Component Change models. We also estimate per hectare CDR losses from deforestation and gains from afforestation 
and find that afforestation gains lag deforestation losses in every ecological province in the US.

Conclusions  Net Change approaches substantially underestimate the impact of land use change on CDR and 
should be avoided. Component Change models highlight that avoided deforestation may provide up to twice the 
CDR benefits as increased afforestation—though preference for one policy over the other would require a cost 
assessment. The disparities in the CDR impacts of afforestation and deforestation indicate that no-net-loss policies 
could mitigate some CDR losses but would lead to overall declines in CDR for our 45-year time horizon. Over a much 
longer period afforestation could capture more of the losses from deforestation but at a timeframe inconsistent with 
most climate change policy efforts.
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Background
Global emissions pathways that restrict global warming 
to 1.5°C [1] and the US Long-Term Strategy for reaching 
net zero emissions by 2050 [2] require unprecedented 
carbon dioxide removals (CDR) from the atmosphere in 
addition to substantial emissions reductions. The major-
ity of historical and anticipated CDR comes from vegeta-
tion 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 [3–5]. Future 
levels of land-based CDR will be determined by a com-
bination 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 [5], 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 aggre-
gation 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 for-
est 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 den-
sity 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 assess-
ment models generally account for land-use changes but 
not forest dynamics that would support an explicit link 
between use decisions and forest carbon outcomes [6]. 
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 for-
est sector models, such as the Global Timber Model [7] 
and the Global Forest Products Model [8], address for-
est 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 car-
bon are specified at national levels, they cannot address 
subregional differences in carbon stocks. Similarly, 
FASOM-GHG, a partial equilibrium model of the US 
forest and agricultural sectors, uses exogenous projec-
tions of urban land use, downscaled to subregions based 
on historical patterns of change [9]. The resulting model 
approximates a component change approach at broad 
scales. Empirical models of land-use change [10, 11] 
have been used to evaluate CDR policies but without a 
link to the carbon content of existing forest land or for-
est 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 (affor-
estation) [12] and smart-growth initiatives that avoid 
deforestation [13]. Other mechanisms, not addressed 
in this paper, involve forest management treatments for 
enhancing carbon stocks, such as delaying timber har-
vests 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 [14–16]. 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 off-
set deforestation. The 145 countries that have signed the 
Glasgow Declaration on Forests at the 26th UN Climate 
Change Conference of the Parties “commit to work-
ing collectively to halt and reverse forest loss and land 
degradation by 2030,” though it is not clear whether the 
commitment defines forest loss as gross deforestation 
or would be based on a net change measure [17]. Nor 
is it clear whether change would be based on a use or 
cover measure [18]. The potential efficacy of these poli-
cies needs to be evaluated in a way that accounts for how 
land-use changes interact with existing forests and forest 
dynamics to determine changes in CDR.

The formulation of land use change also factors into 
country level commitments to reduce greenhouse 
gas emissions. National Greenhouse Gas Inventories 
(NGHGI’s) based on IPCC good practice guidelines and 
accounting for component land use change, estimate 
country-level progress toward Paris Agreement goals, 
while Integrated Assessment Models (IAMs) are used 
to evaluate strategies for achieving these goals, includ-
ing regionally aggregated land uses [19]. Grassi et al. [20] 
identify large discrepancies between NGHGI and IAM 
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estimates of LULUCF net emissions due to differences in 
scope and land representations and provide adjustment 
factors for reconciling IAM projections with NGHGI 
monitoring data. Fuchs et al. [21] find that the use of net 
change within IAMs (as linked with Earth System Mod-
els) understate land use changes by up to 50%, and likely 
underestimate emissions. In this study we examine how 
alternative formulations of land use change affect esti-
mates of net emissions from the LULUCF sector and 
provide a method for projecting net emissions at the 
country-level that is fully consistent with the structure 
of the U.S. NGHGI—i.e., it addresses component (gross) 
changes for all land use categories with explicit links to 
vegetation dynamics. Our model provides a means to 
link climate strategies and specific policies with their 
CDR outcomes consistent with monitoring data from 
the NGHGI and with detailed mechanisms of land use 
change.

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 (Z), 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-con-
stant net emissions factors (emissions minus sequestra-
tion per acre), calculated based on the US Environmental 
Protection Agency’s Greenhouse Gas Inventory [5]. We 
account for net emissions from changes in forest condi-
tions—including forest aging, disturbances, and manage-
ment 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 For-
est 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.

Net emissions from nonforest uses
For each time step, we define a 4 ×  4 change matrix of 
nonfederal land-use categories for each county with diag-
onal 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
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
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it aZ,F

it
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

� (1)

where elements ak,j  define area in use k at time t-1 and 
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 factor1 for nonforest land uses 
and land-use changes as

	

c =





cZ,Z cZ,S cZ,O 0
cS,Z cS,S cS,O 0
cO,Z cO,S cO,O 0

0 0 0 0



� (2)

where elements ck,j  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 CO2 equivalents). Elements involv-
ing forest area or forest area changes are set to zero and 
are modeled using the stock change approach described 
below.

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 Ait  and c :

	 cNF
it = Ait

◦c � (3)

Summing elements of cNF
it  defines total nonforest net 

emissions, c̄NF
it , and summing across counties defines 

national totals:

	 c̄NF
t =

∑ N

i=1
cNF
it .� (4)

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, spe-
cies composition, disturbances (including harvest), and 
characteristics of soils associated with forest location [22, 
23]. As well, transitions into and out of forest uses involve 
an accounting for standing forest biomass and the trans-
fer of soil carbon into or out of forest uses (the latter is 
necessitated because we use net emissions approaches 

1  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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for nonforest land and stock change approaches that 
include soil carbon for forest land).

We allow forest carbon stocks and net emissions to dif-
fer 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 q, include softwood 
and hardwood species groups (Q = 2). Stand manage-
ment 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 fed-
eral and nonfederal ownerships (V = 2). Finally, regions, 
indexed by r, are Bailey’s ecoregions at the province 
level (R = 20). Altogether, forest species groups, stand 
management classes, ownerships, and regions define 
M = Q × S × V × R  forest class.2 For each for-
est class, in each time period, we define an L × 1 vec-
tor (Fmt ) with elements flmt  describing the forest area 
in each age class within the 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 sep-
arate population dynamics model.

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

	 Fm,t+1 = Tm Fmt.� (5)

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. We set the 
maximum age class based on the maximum age of forest 
observed in the FIA data—150 years for eastern regions 
and 210 years for western regions. The carbon stock at 
time t (CF

mt ) arrayed by forest age class is estimated by 
multiplying a 1 × L  vector of carbon density estimates 
(dm , units are MT C/acre) by the transpose of the respec-
tive forest area vector:

	 CF
mt = dmF ′

mt.� (6)

Net emissions are defined as the negative of between-
period change in forest carbon stocks, where λ  converts 
mass of solid carbon to atmospheric (CO2) equiva-
lents based on the ratio of their molecular weights (λ  = 
44.01/12.01).

	 cF
mt = −

(
CF

mt − CF
m,t−1

)
× λ � (7)

2  Because S is variable across regions and owners, the total number of 
groupings is 79.

	 c̄F
t =

∑ M

m=1
cF
m,t � (8)

This expresses the flow of carbon in a growing forest as 
a reduction in atmospheric carbon (negative values, con-
sistent 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 (Eqs. 4 and 8).

	 et = c̄NF
t + c̄F

t � (9)

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 Eq.  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, man-
agement, 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:

	
FGrt =

∑
i∈ r

∑
k∈ {Z,O}

ak,F
it � (10)

	
FLrt =

∑
i∈ r

∑
j∈ {Z,S, O}

aF,j
it . � (11)

We distribute forest gains and forest losses to forest 
classes within each region such that

	
FGrt =

∑
m∈ Mr

fg1mt � (12)

	
FLrt =

∑
m∈ Mr

∑
L
l=1fglmt, � (13)

where fg  and f l  are the forest gains and losses, respec-
tively, within age class or in forest class m and Mr is the 
set of forest classes within region r.3 For forest gains, 
all new forest land is added to the youngest age class 
(l = 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 sev-
eral approaches, described below, for allocating gains 
and losses. We then assemble age class–specific values of 
fg  and f l  into L × 1 vectors FGmt  and FLmt , respec-
tively, and modify Eq.  5 to account for forest land-use 
changes:

3  That is, the dimension of Mr is Q × S × V.



Page 5 of 14Wear and Wibbenmeyer Carbon Balance and Management           (2024) 19:40 

	 Fm,t+1 = T Fmt + 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 for-
est and nonforest uses. Estimates of forest carbon stocks 
(CF  in Eq.  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 0, 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 trans-
fer 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 cor-
rect for the double counting using soil carbon debits and 
credits. Define the soil carbon transfer (SCT) of forest-
related land-use changes as

	 SCT mt = (FLmt − FGmt) × scm � (14)

where sc is the average soil carbon density for the refer-
enced component of the forest inventory.

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

	 c̄F
t =

∑ M

m=1
cF
mt + SCTmt � (8’)

With these adjustments to Eqs.  5 and 8, land-based net 
carbon emissions described by Eq.  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.

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) [5], FIA [24], and NRI [25], which sur-
veys land-use change on nonfederal lands.

We construct net carbon emissions estimates for the 
nonforest land-use categories of the NRI (crop, settle-
ment, and other) based on the GHGI. These estimates 
provide our measures of the elements of c  (Eq.  2). We 
construct these per acre emissions coefficients by divid-
ing 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 to 
2020. Conversions of land across uses (described in Ait

) 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 [26]. We assign each plot to its eco-
logical 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 20 
provinces (Fig.  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 [27].

Fig. 1  US Ecological Provinces and Broad Regions. 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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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 distribu-
tion of forest attributes (Fm  vectors), transition matrixes 
(Tm , Eq.  5), and the forest carbon stock density coef-
ficients (dm , Eq. 6).4 FIA inventory records include esti-
mates 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 lit-
ter, and soil organic carbon; see Woodall et al. 2015). We 
use the CARBON function in the R package rFIA [28] 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 forest 
class, we use these plot records to fit an equation defining 
forest carbon density (t/hectare) as a function of forest 
age class.5 Predicted values are used to define the dm  vec-
tors. We specify carbon density models as logistic func-
tions of measured forest carbon stocks and ages:

	 dm,i (t) = K/(1 + eα −θ ti).� (15)

This assumes an asymptote or carbon-carrying capacity 
of K (t/hectare), which we define as 0.925 times the maxi-
mum observed carbon density in each forest class (m); 
this excludes some large outlier estimates from the mod-
eling. Letting d̃m,i (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:

	
ln





[
1 − d̃m,i (t)

]

d̃m,i (t)



 = α + θ ti + ε � (16)

We use the estimated regression equation to define dis-
crete elements of the carbon density array dm  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 (Table S1) are summarized in Fig. 2. The 
highest density of carbon is found in mature forests in the 

4  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.
5  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 charac-
teristic 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.

Pacific Coast region. In the Southeast, despite lower den-
sities, 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 (Tm ) using que-
ries 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 for-
est 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 transi-
tion matrix could be estimated. For each forest class m, 
we then sum transitions between age classes and derive 
periodic proportional changes.6 Where initial age classes 
are missing from the queries, we apply the average tran-
sition 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 eastern forests, where inventory remeasure-
ment 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 (Tm)  are summarized 
in Fig. 3 (see also Fig. S1). The age class distributions in 
Fig.  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 [23].

Modeling scenarios
The focus of our analysis is on understanding how specifi-
cation of land-use change vectors (Eqs. 10 and 11) affects 
estimates of CDR. We examine two alternative formula-
tions of changes in forest land: one based on net changes 
in total forest land, and a second that addresses all com-
ponents of net change and accounts for differences in the 
carbon content and dynamics of gains and losses of for-
ests. Note that land-use models that provide component 
land-use changes but don’t address differences in the for-
est 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 

6  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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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 NCr = FGr − FLr , where FG are forest gains 
and FL are forest losses arrayed by age classes. We 
distribute NCr  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 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 FGrt and FLrt  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.

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 

Fig. 2  Predicted Carbon Densities (tons/ha), by Forest Type and Region. Each line represents the relationship between density and age for ecological 
provinces and origin classes in each region and forest type grouping (see Eq. 16)
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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 (Fig.  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 Fig. 2). The shift is especially acute in planted 
pine forests, where young trees grow very rapidly.

We then consider CDR under a projected land use 
change scenario. Projected land use change on non-
federal US lands is based on NRI data and a discrete 
choice land use model similar to Lubowski et al. 2006. 
The model is parameterized based on land-use change 
trends from 1997 to 2012, and county-level estimates of 
land use returns over that period, as well as, in the case of 
urban land uses, population growth estimates. We then 

combine model estimates with land-use returns as of 
2012 to project land-use change from 2012 to 2062.

Figure 5 maps and Fig. 6 summarize projected changes 
in four aggregate land-use categories—cropland, for-
est, settlements, and other—by the end of the simu-
lation 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 (Fig. 6 and Table S2). In the Northeast, for-
est 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. These projections do not take into 

Fig. 3  Age Class Distributions, by Forest Type and Region, 2017, 2037, and 2057. 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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account several factors that could be important in driv-
ing land use change, including recent changes in migra-
tion dynamics due to the rise of remote work. However, 
our primary goal here is to test how projected forest CDR 
for a given land use change projection differ by model 

formulation, not to provide definitive projections of 
future US land use change.

The estimated effects of land-use changes on for-
est CDR vary substantially among model formulations 
(Fig.  7; Table  1). The net change formulation, based on 
assigning net change in forest area across all forest types 

Fig. 5  Projected Changes in US Land Use, 2012–2062, by Type. (A) Percentage Change, by County. (B) Total Changes, in Million Hectares. In (A), all values 
greater than 50% are set equal to 50% for visualization

 

Fig. 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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proportionally by area, further reduces estimated CDR by 
772 MMT CO2 over the simulation period, or by about 
17.2 MMT CO2/year. The component change model, 
which distinguishes between carbon implications of 
gains and losses to forest area, reduces estimated CDR by 
1,894 MMT CO2 over the simulation period, or by about 
42.1 MMT CO2/year. For the intensive case, where affor-
estation 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 CO2, or about 37.2 MMT CO2/year.

The influence of the land-use change specification var-
ies by region. The net change model underestimates CDR 
losses in regions where much land-use change is concen-
trated: by 61% in the Southeast and by 88% in the North-
east. In contrast, the net change model underestimates 

Fig. 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. Bars for the Southeast and Pacific Coast regions differentiate forest origin class (planted or natural). Dashed lines show the total differ-
ence. Negative values indicate net sequestration of atmospheric carbon; positive values indicate net emissions

 

Fig. 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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CDR losses by about 4% in the Pacific, where most pro-
jected forest losses are not offset by forest gains.

At the national level, the net change model underpre-
dicts CDR losses projected by the component change 
models by 54 to 59%, 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. That 
is, these effects vary across regions based on the exist-
ing distribution and maximum carbon densities of forests 
and on the growth responses of afforested lands.

To further explore the implications of variable affores-
tation and deforestation rates as described in the compo-
nent change model, we conduct experimental runs with 
the CALM model. To simulate the effects of afforesta-
tion (deforestation), we model the CDR effects of add-
ing (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 

Table 1  Change in net emissions (MMT CO2 eq) under alternative land-use models, 2017–2062
Region Land-use model results compared with base case

Net change Component change Component change + intensification
Arid West 12.6 23.1 23.1
Northeast 66.8 568.4 568.4
Pacific Coast (natural) 215.2 228.2 234.0
Pacific Coast (planted) 106.0 106.8 101.6
Southeast (natural) 237.9 773.2 1048.1
Southeast (planted) 133.4 194.3 -302.0
Total 771.8 1894.0 1673.3

Fig. 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. 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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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 deforesta-
tion 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 
(Fig. 8B) defines the number of ha required to compen-
sate 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, Sier-
ras, and Rocky Mountain provinces.

We apply the same approach to estimate the CDR gains 
accruing to planted forests alone. Planted softwood for-
ests generally produce more CDR than the average for-
est condition during the 45-year simulation period (see 
the points in Fig.  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 Fig. 8B). Here, CDR from afforesta-
tion with planted forests would nearly offset CDR losses 
from deforestation over the period.

Discussion
We developed a model that couples an empirical land-use 
choice model with a model of land-based carbon dynam-
ics. CALM is specified such that we can evaluate the 
interaction of land-use changes with detailed forest con-
ditions 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, dis-
eases, 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 underesti-
mates the CDR losses from our land-use change scenario 
(by 54 to 59%) because of the differences in CDR losses 
associated with deforestation and CDR gains from affor-
estation. 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 afforesta-
tion, the effects are muted (e.g., the Pacific Coast).

Conclusion
CDR from land is a critical component of global and US 
climate change mitigation strategies. The US Long-Term 
Strategy [2] and the Fourth Biennial Report [29] antici-
pate 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 com-
plexity of interactions between land use and biological 
growth components. Our results confirm the importance 
and nuance of land-use changes as they interact with for-
est 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% 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 over-
all distribution of forest conditions in each forest class 
but relies on a set of assumptions. A next step in refin-
ing estimates of CDR would be empirical models that 
assign changes to forest types based on observed tran-
sitions from forest inventories. Precision might also be 
enhanced by modeling forest dynamics for even smaller 
subregions or forest type groupings. We also show that 
changes at the intensive margin can alter CDR outcomes 
consistent with Tian et al. [30]. However, our models do 
not address the potential wood product market response 
to enhancing timber supplies and subsequent expansion 
in wood product carbon sinks. This defines an empha-
sis for our future research. Future research could also 
address switching between forest management intensity 
classes within the structure of our land-use model and 
consistent with forest sector models. Another exten-
sion of this modeling approach would be to incorporate 
emissions from agricultural production into projections. 
Currently, our modeling accounts for carbon storage on 
cropland and changes in carbon storage when land is 
converted into or out of cropland, but not for emissions 
from production; we note that projected declines in crop-
land would result in a net reduction in the greenhouse 
gas emissions associated with production activities.

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. As 
is the case for wetland banking, no-net-loss rules might 
lead to exchange of low functioning for high function-
ing lands and a net loss of ecological services. Although 
global forest sector models incorporate an approxima-
tion of component changes, integrated assessment mod-
els generally lack the details on current forest stocks and 
dynamics that would allow for linking land-use dynamics 
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to component changes in forest carbon sinks, espe-
cially at ecologically meaningful scales [31]. This limits 
their ability to evaluate 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. Our estimates derive 
from average productivity estimates, and the benefits of 
avoided deforestation would likely increase if focused 
on the most productive forest lands within a region. In 
the US, private forest policy has focused mainly on tree 
planting subsidies to encourage reforestation and affores-
tation. Both afforestation and forest retention are encour-
aged by expanding forest revenues, by growing demands 
for wood in various uses from bioenergy [30] to mass 
timber [32] that could grow carbon sinks in both forests 
and harvested wood products. No net loss policy pro-
posals at the state level (e.g., New Jersey for public lands, 
Maryland, Connecticut) anticipate a mitigation banking 
or trading scheme. Our results highlight the need to base 
any such trades of forest losses for gains on changes in 
ecosystem service values–in this case the time path of 
CDR–consistent with a well-functioning environmental 
trading market [33]. Future research will include address-
ing the impacts of these policy instruments.

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 over-
all 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 support 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 or using methods that linked com-
ponent land use changes to average rates of CDR [17].
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