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Abstract

Companies that produce and use wood for products and energy find it increasingly important to communicate the carbon balance and
potential climate effects of these activities. Computing forest carbon stocks and stock changes, and emissions from operations, are often
part of institutional reporting for environmental, social, and governance purposes. This article describes an example methodology to assess
forest carbon changes associated with the harvesting of wood products and proposes metrics that could be used to allocate harvesting
effects to individual organizations for their reporting purposes. We discuss boundaries (types of forests and carbon pools to include), spa-
tially appropriate evaluations given uncertainty, temporal considerations, risk of reversals, and allocation of net sequestration to products
sourced from the region. We also discuss the complex nature of the biogenic carbon cycle and warn about the appropriate interpretation
of this methodology.

Study Implications: Purchasers of wood products are increasingly interested in the carbon effects of the wood they purchase. For exam-
ple, are the forests from which this wood was harvested continuing to sequester carbon or are they in decline? One means of communi-
cating this information would be a carbon accounting factor that expresses the net forest carbon change per unit of wood consumed. We
describe an approach to develop such a factor and report results for regions of the conterminous United States. However, any single metric
is unlikely to fully capture the carbon dynamics of wood sourcing, as illustrated by the carbon stock declines in the Rocky Mountain regions
that cannot be attributed to forest harvesting or the very high factors for the Great Plains due to low harvest levels. We discuss several
other metrics that can shed additional light on land carbon resiliency and land-use efficiency and could be considered in conjunction with
net carbon stock change.
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The History and Need for Carbon Reporting changes in a fiber sourcing region and allocated that change to
mills based on their proportion of harvest within the region.
The National Council for Air and Stream Improvement, Inc.
(NCASI 2007) published a global forest industry carbon
footprint assessment that used generally accepted calculation
methods and available data sets at the time to understand
the full contributions of the forest industry to atmospheric
GHGs from forest sequestration to manufacturing to end-

The United States contains 8% of the world’s forests, yet
provides almost 20% of industrial roundwood, making it
the largest contributor to wood products in the world (Food
and Agriculture Organization 2021). Although wood prod-
ucts are often touted for their relatively low embodied carbon
(e.g., the greenhouse gas [GHG] emissions associated with
growing, harvesting, transporting, and manufacturing wood : X
products)(Leskinen et al. 2018; Sahoo et al. 2019; Sathre and of-life. However, the demand for current, consistent, and
O’Connor 2010), the effects of harvesting on forest carbon more‘granular data to support these types of assessments is
have been difficult to assess. growing.

Efforts to quantify the forest carbon effects of wood utiliza- b Ata nl?tlonal (;Zvel, tge. ef{lecis 05 foreft h(iarvestllrllg on Carci
tion have been undertaken for decades in applications includ- On stocks are addressed in the land use, land-use change, an

ing assessments by forest products companies, national-scale forestry (LULUCF) portion of the international GHG report-
reporting, life cycle analyses of wood products, environmen- ing framework, outlined by the Intergovernmental Panel on
tal product declarations (EPDs), regulatory assessments of Climate Change (IPCC)..The IP.CC approach tracks net flux
biogenic emissions, and voluntary reporting of GHG emis- among the land sector, e1ther. using the stock change method
sions by corporations. or gain/loss (.IPCC 2006). This framework treats all harvested

Carbon assessments by forest products companies are cer- c.:arbon. that is not transferred into long—hV.ed products as an
tainly not new. In an early carbon balance assessment for immediate emission, and only the proportion of the harvest

paper mills, Young et al. (2000) and Coté et al. (2002) used that remains stored in a wood product is tracked through

national forest inventory data to compute net carbon stock time (IPCC 2019).
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Product life cycle assessments also follow the IPCC
accounting methodology to determine how biogenic carbon
is treated. For example, ISO 21930 (ISO 2017) considers
country-level carbon stocks to determine whether the forest
carbon can be conservatively not counted in the assessment.
If fiber is sourced from a country with stable or increasing
carbon stocks or from a certified forest, then the forest car-
bon impact is considered zero, even if the carbon stocks are
increasing.

Although accounting at a country level may be acceptable
for international reporting, there is desire to provide more
granular information at smaller scales. For example, users
of information from EPDs want more transparency in for-
est carbon effects so they can better understand the effects
their choice of wood fiber has on forest carbon. The EPDs
are focused on generic products (e.g., southern yellow pine
lumber), but users want to be able to differentiate between
suppliers of a given product based on factors such as carbon
dynamics in different sourcing regions.

More granular biogenic carbon assessments have also been
discussed in US regulatory frameworks, with little resolution.
The most visible recent discussion was the Environmental
Protection Agency’s proposed Framework for Assessing
Biogenic CO2 Emissions from Stationary Sources (EPA
2011), first drafted in 2011 in response to a petition for
reconsideration of the 2010 final Tailoring Rule (EPA 2010),
which, unlike the 2010 proposed version (EPA 2009), failed
to differentiate between biogenic emissions and fossil-based
carbon emissions for regulatory calculations.

The EPA then engaged their Science Advisory Board (SAB)
to provide feedback on their initial proposed framework, and
the SAB’s analysis resulted in additional questions. Of par-
ticular concern for the SAB was how to isolate the carbon
changes on land that occur as a result of biomass combustion
from energy generation, which they said would require an
“anticipated baseline approach” that would “model a ‘busi-
ness as usual’ scenario along some time scale and compare
that carbon trajectory with a scenario of increased demand
for biomass” (EPA SAB 2012). The EPA released a second
framework in 2014 (EPA 2014), which the SAB felt they
could not endorse because there was no indication of how the
framework would be used in regulation. Between the agency,
the SAB, and stakeholder input, there was no consensus on
how to assess the impact of burning biogenic carbon at a sta-
tionary source in a regulatory context and no framework was
finalized.

The EPA framework concept was created in response
to a regulatory need, whereas this article responds to the
increasing market pressure for forest landowners and for-
est products manufacturers to voluntarily report the GHG
emissions associated with the production, distribution, and
use of their products. Buyers of wood products want to
know what effects their purchase may have on forest car-
bon stocks, knowing that in some parts of the world, such
purchases may lead to forest degradation. In addition, orga-
nizations that are setting net zero GHG emissions and other
climate-based targets want to understand the effects that
their management or wood purchases have on GHG emis-
sions across their entire value chain. The GHG Protocol is
an example of a widely used accounting framework for such
voluntary reporting. The GHG Protocol (WRI 2023) is used
by 92% of Fortune 500 companies to communicate the GHG
impacts of their products and processes. Recently, the GHG
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Protocol published draft guidance (WRI/WBCSD 2022) for
reporting emissions and removals (sequestration) from the
land sector portion of supply chains (e.g., forests that sup-
ply wood to mills). The protocol defines scope 1 emissions
as those that come from processes under the direct control
of a reporting company. Scope 2 emissions are those aris-
ing from the generation of power purchased by a company.
Scope 3 emissions come from a company’s supply chain, such
as upstream emissions from the production of raw materi-
als used by a company or downstream emissions from the
use and disposal of its products. In the forestry context, a
decrease in forest carbon stocks might be reported as a scope
1 emission by a landowner harvesting timber, but those same
emissions would be reported as scope 3 by a company using
wood coming from that land.

Therefore, this article seeks to describe a way to comply
with the GHG Protocol in reporting a company’s land sector
removals and emissions (from biogenic carbon stock changes
in forests) and allocate net carbon stock changes to down-
stream fiber users. Other process emissions (from silvicultural
activities and manufacturing activities, such as reported by
Saud et al. 2013) are already addressed in other components
of the GHG Protocol.

Accounting for forest carbon in a way that can inform and
incentivize management to improve storage and sequestration
can be complex. First, in assessing forest carbon, one must
consider spatial and temporal dynamics. Landowners will
have different carbon dynamics on the land, depending on
how large an area they manage (Bowyer et al. 2012), and
the carbon dynamics will change with the longevity of prod-
ucts produced (such as structural timber versus paper for
packaging). Similarly, a forest products mill must assess car-
bon dynamics on a spatial scale that reflects not only forest
stands from which they purchased fiber each year but also
their future supplies, which are growing concurrently in the
surrounding forest stands and among multiple landowners.
Finally, forest health and resilience are important factors
in understanding forest carbon longevity. We focus here on
reporting forest carbon stock changes, although complete
reporting of forest sector emissions would include emissions
from fuel used in silvicultural activities, emissions from fertil-
izer use, etc. These emissions have been discussed elsewhere
(Albaugh et al. 2019; Janowiak et al. 2017; Markewitz 2006;
Saud et al. 2013).

Data for Forest Carbon Reporting

The most reliable source of data on carbon dynamics in the
US forestry sector is Forest Inventory and Analysis (FIA) data
from the USDA Forest Service. The publicly accessible FIA
database (FIADB; Burrill et al. 2021) provides estimates of
carbon stocks for all forest carbon pools. Tree-level measure-
ments, such as species, diameter at breast height (DBH), and
tree height, provide data for equations that estimate biomass
and carbon in the aboveground portion of live trees (>2.54
cm DBH).

Estimates of change in carbon stock over time (flux) are
possible when plots are measured at two points in time. The
FIA inventory design calls for remeasurement of all forested
plots, with a portion of plots (termed a panel) measured each
year. In the eastern United States, remeasurements occur on
a 5- to 7-year cycle, depending on the state. In the western
United States, the reinventory cycle is 10 years. By comparing
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measurements taken on the same plot at two points in time, it
is possible to estimate gross growth (the total biomass incre-
ment on all living trees), mortality (biomass in trees that died
between plot measurements), and harvest (biomass in trees
removed from the forest). Remeasurement data are currently
available for all states in the conterminous United States
except Wyoming.

The FIA sample is designed to produce estimates that meet
specifications for allowable error on state or substate regions.
Because it takes 5 to 10 years to completely sample a state,
only 10%-20% of all plots are current at any given time.
This has profound implications for estimating change over
time. On a S-year cycle, each year 20% of plots are remea-
sured, meaning any estimates produced from the complete
state sample share 80% of the data with the previous year’s
estimates (Coulston et al. 2020).

Estimates produced from a single panel (single year of
inventory) have much lower precision, making the detection
of a meaningful change over a short time period challenging.
For example, Edgar et al. (2019) examined different combina-
tions of FIA plot data (from single panels to full sets of pan-
els) to assess damage from droughts and hurricanes in eastern
Texas. The authors found that using single panels detected
disturbances sooner, and tended to indicate higher magnitude
of disturbance but with lower precision. Using multiple sets
of panels (short of a full panel set) appeared to be a useful
compromise between a full set of panels and a single panel.
Subsequent efforts (Coulston et al. 2020) indicated that
incorporating weighting adjustments based on observation
year improved the ability to assess timing and magnitude of
disturbances.

Objectives

The purpose of this article is to first summarize the carbon
dynamics in aboveground live trees for regions of the United
States. This includes computing gross growth (sequestra-
tion), transfers from the aboveground live tree pool through
mortality and harvest, and computing net change. From this
information, we can compute an accounting factor as the net
change of carbon stocks per unit of harvested roundwood
delivered to forest products mills. This information can form
the basis for reporting an organization’s share of the carbon
stock change within a fiber sourcing region. Finally, we dis-
cuss uncertainties and implications of this type of mechanism
for carbon reporting.

Methods

Analysis Scope
Our analysis was limited to a specific domain of forests in the
conterminous United States: those that were defined as tim-
berland at both the most recent and previous inventory cycles.
The focus of stock change estimates was the aboveground live
tree pool. Our reasoning for these choices follows.
Timberland is defined by the FIA program as forests that
are not legally reserved from commercial timber harvest (e.g.,
national parks, wilderness areas) and capable of producing
at least 20 cubic feet of wood annually. Restricting the focus
of our analyses to plots classified as timberland avoided
incorrectly attributing stock changes to timber harvest from
areas where harvest was not likely to take place. Using
plots that were timberland at both the current and previous

measurement excluded those that were recently converted to
timberland from some other land use and those plots that
had been converted to nonforest land uses since the previous
measurement cycle. Plots classified as timberland at current
and previous cycles represent most of the managed forest land
in the United States and provide the best insights into changes
occurring in managed forests. This approach also is compati-
ble with the Draft GHG Protocol Land Sector and Removals
Guidance (WRI/WBCSD 2022), which separately addresses
land-use change and requires the exclusion of areas unavail-
able for harvest.

Estimates of regional carbon stock changes were based
on the most recent FIA data for the conterminous United
States'. Our approach estimated carbon stock changes in
the aboveground live tree carbon pool only (which includes
trees at least 2.54 c¢cm in diameter at breast height). Our
reasoning for limiting the change estimates to this pool was
that (1) it is the primary pool measured on every forested
plot, (2) it is the carbon pool most influenced by forest
management activities, (3) it is possible to estimate uncer-
tainty for this pool, and (4) it captures the largest portion
of carbon stock changes in areas where forest remains for-
est (80% of forest carbon fluxes reported by Domke et al.
(2021) were from the aboveground and belowground live
biomass pools). Furthermore, using tree-level dynamics, it is
possible to distinguish carbon stock changes from growth,
mortality, and harvest, lending more insight into causes of
stock changes. Part of the goal of emissions reporting is to
identify opportunities for improvement (emissions reduc-
tions). Therefore, the most effective metrics are those that
relate to the resource under direct control of forest manag-
ers, which in this case is the aboveground biomass. Because
FIA estimates of other carbon pools are coarse models that
are strongly correlated with (even mathematically depen-
dent upon) aboveground biomass, including them does not
increase our knowledge about management effects on car-
bon stocks. In the case of soil carbon, for example, the pool
is large (often greater than aboveground biomass), but cur-
rent FIA estimates of soil carbon are just default values for
geographic regions and forest cover types and do not reflect
management effects. In 2017, estimates of aboveground live
biomass came from tree measurements on 107,602 plots
(USDA 2023) whereas Domke et al. (2017) report soil car-
bon measurements from only 3,636 plots. Forthcoming
revisions to the FIA database will include improved soil
carbon estimates from models described by Domke et al.
(2017). In the meantime, using FIA soil carbon estimates
can lead to false conclusions about harvesting effects on
forest carbon balances.

We summarized our data at a regional level (figure 1),
using regions defined in Hoover et al. (2014). We chose
these regions because they generally distinguish forest eco-
system types but are large enough to be able to detect net
carbon stock changes (see uncertainty discussion). These
regions are abbreviated herein as: CENT: Central, GP: Great
Plains, NE: Northeast, NLS: Northern Lake States, PNWE:
Pacific Northwest-East, PNWW: Pacific Northwest-West,
PSW: Pacific Southwest, RMN: Rocky Mountain-North,
RMS: Rocky Mountain-South, SC: South Central, and SE:
Southeast. Regions were generally split on state boundar-
ies, except for the boundaries between PNWW and PNWE
and GP and SC, which followed FIA survey unit boundaries
(Burrill et al. 2021) within states.
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Figure 1 Regions used in this analysis. Light lines within regions are FIA survey unit boundaries. Adapted from Hoover et al. 2014.

Processing Overview

Our goal was to compute an accounting factor, the net carbon
stock change in a region per unit of delivered roundwood,
based on FIA data. To do this, we computed (1) annual for-
est carbon stock changes in the aboveground live tree pool
as gross growth minus mortality minus harvest, (2) annual
roundwood deliveries as total harvested biomass times a dry-
weight-to-green-weight conversion factor minus the propor-
tion of harvest left in the forest as logging residue, and (3)
the accounting factors as annual forest carbon stock change
divided by annual roundwood deliveries. These steps are
detailed in the following sections.

Computing Annual Forest Carbon Stock Changes

There are several approaches available for estimating forest
carbon stocks and fluxes based on FIA data. These include
using tools such as EVALIDator (USDA 2023) or the Forest
Vegetation Simulator (FVS; Dixon 2002), or direct analysis
of downloaded FIA data from FIA Data Mart (https://apps.
fs.usda.gov/fia/datamart/datamart.html).  Although much
of the information needed here could be retrieved using
EVALIDator, it would take numerous queries for each region
(separate queries for current carbon stock, growth, remov-
als, and harvest). Using FVS would be appropriate for a plot
level analysis but would be cumbersome for an entire region.
We therefore chose to download plot data from FIA Data
Mart and analyze it using R software (R Core Team 2020).
Although there are powerful packages for analysis of FIA data
in R such as rFIA (Stanke et al. 2020) and FIESTA (Frescino

et al. 2022), we used programming code in hand that fol-
lowed the standard FIA analysis procedures as documented
by Bechtold and Patterson (2005), Burrill et al. (2021), and
Pugh et al. (2018).

Net change in tree volume, biomass, and carbon between
inventory cycles can be attributed to components of change
(Bechtold and Patterson 20035), generally referred to as gross
growth, mortality, and removals (harvest). Gross growth
represents the total amount of carbon removed from the
atmosphere by tree growth during an inventory cycle and
is computed from tree measurements at two points in time.
Mortality depicts the amount of carbon transferred from
live tree to dead wood pools (standing dead, down dead, and
litter) during a cycle, based on measurement of trees that
were living at the previous measurement and were dead at
the current measurement. Harvest is the amount of carbon
removed from the live tree pool during harvesting operations
computed from measurements of trees that were living at a
previous measurement and had been harvested by the time
of the current measurement. In FIA terminology, harvest is
considered part of “removals,” which may also include car-
bon removed from the forest category due to land-use change.
Because we excluded land-use change from this analysis, all
FIA removals were associated with harvest. In climate change
terminology, “removals” are considered removals of CO,
from the atmosphere, so we use “harvest” rather than FIA
“removals” to avoid confusion.

We computed the net change in aboveground live tree car-
bon between inventory cycles as gross growth minus mortality
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minus harvest (as in Saud et al. 2013). We annualized net
carbon stock change for each plot by dividing the net stock
change for the plot by the time between plot measurements
(“REMPER” or remeasurement period in the FIA database,
reported in decimal years). Following this procedure, we com-
puted annual net carbon stock change in aboveground live
trees on timberland from the most recent complete inventory
cycle for each state (except Wyoming, which lacked sufficient
remeasurement data). For all stock and change estimates, we
followed the standard for emissions reporting, which uses
metric tonnes of carbon dioxide equivalents (MT CO,e)
rather than elemental carbon.

In addition to net stock change in aboveground live trees,
we computed the growth-drain ratio commonly used as an
indicator of forest resource dynamics. Here, the growth-drain
ratio is computed by dividing net growth (gross growth-mor-
tality) by harvest.

Computing Annual Roundwood Deliveries and
Accounting Factor

For reporting purposes, it is useful to compute annual forest
carbon stock change per unit of wood consumed by forest
products mills. This factor, multiplied by the total roundwood
consumption for a mill (in green tons), represents the “share”
of forest carbon stock change associated with the organiza-
tion’s production from wood harvested from the region (per
Young et al. 2000 and WRI/WBCSD 2022). In the United
States, the most common unit of measure for roundwood
transactions is green weight in short tons, although these
weights are frequently converted to product-dependent units
such as board feet or cords. Therefore, we summarized har-
vest quantities in green short tons per year. To accomplish
this, we used FIA standard methodology described previously
to compute biomass (tons dry weight) for harvested trees and
converted to green weight using the dry-weight-to-green-
weight conversion factor (by tree species) from the FIA spe-
cies reference table (Burrill et al. 2021).

However, FIA harvest estimates represent carbon removed
from the live tree pool through harvest; it does not equate to
roundwood delivered to forest products mills, as some of this
carbon is left in the forest as logging residues. From Oswalt et
al. (2019; Table 40) we computed the proportion of harvest
delivered to mills by Resources Planning Act region (Table
1). We then applied these proportions to harvest totals to

estimate the corresponding roundwood deliveries (in green
short tons per year) for each region. Finally, the accounting
factor for each region was computed as the net carbon stock
change divided by roundwood deliveries (expressed in MT
CO,e per green short ton).

Results

Regional Dynamics in Aboveground LiveTree
Carbon

The gross growth, mortality, harvest, and net stock change for
the aboveground live tree carbon pools by region (with asso-
ciated sample sizes) are depicted in Table 2. We include the
total current stock in the aboveground live tree pool for con-
text. Positive net C stock changes represent net increases in
the carbon stock; this differs from common usage of positive
net sequestration (removals from atmosphere) being repre-
sented by negative numbers. Here, net C stock changes in the
live tree pool do not equate with net sequestration or emis-
sions to the atmosphere. Mortality and harvest are deductions
from the live tree pool but are not necessarily emissions; they
are simply transfers of carbon stock into other pools that will
experience emissions from decay over time.

It is notable that the only regions in the conterminous
United States with decreases in tree carbon stock are the
RMN and RMS regions, which has been reported elsewhere
and attributed to a range of natural disturbances (e.g.,
Birdsey et al. 2019; USDA 2019). The RMS region has the
lowest harvest as a percent of growth in the nation, and
mortality in this region is 27% higher than tree growth.
Regions with the lowest mortality as a percentage of
growth are PNWW, SE, and SC, which also contain the
greatest amount of intensively managed forests; together
they account for nearly three-fourths of all forest harvest
nationally.

The national annual carbon stock net change is about 1%
of stock, meaning aboveground live tree stocks are growing
(net change) at approximately 1% per year. The only regions
with net change higher than this average are SE (1.4%) and
SC (2.0%).

Accounting Factors

Expectedly, net annual carbon stock change, annual delivered
harvest, and the resulting accounting factor (change in live

Table 1. Computation of proportion of harvested wood delivered to mills. Logging residue and roundwood products quantities come from Table 40 of
Oswalt et al. (2019) by Resources Planning Act (RPA) regions. Calculated proportions are applied to the regions in this study as indicated.

RPA region Region for this study Total logging residues Total roundwood products Proportion of harvested
(thousand cubic feet) (thousand cubic feet) wood delivered
Great Plains GP 12,625 69,429 0.8461
Northeast NE 434,812 1,597,036 0.7860
North Central CENT & NLS 529,232 1,784,712 0.7713
Pacific Northwest PNWW & PNWE 494,766 2,017,956 0.8031
Pacific Southwest PSW 107,649 470,554 0.8138
Intermountain RMN & RMS 90,865 510,364 0.8489
South Central sC 1,225,898 3,991,734 0.7650
Southeast SE 831,962 3,493,204 0.8076
CONUS 3,727,808 13,934,988 0.7889
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tree carbon stocks in MT CO,e per green ton of delivered
harvest) varied by region (Table 3). The accounting factor is
highest in the GP region, which has very low harvest (denom-
inator), and lowest in the RMS, which experienced net carbon
stock losses and very low harvest levels.

Discussion

The accounting factors in Table 3 could be used by orga-
nizations to quantify their contribution to carbon stock
change in a wood sourcing region (Young, et al. 2000).
For example, in the SC region, each green ton of round-
wood delivered to a mill was associated with 1.3 MT CO,e
increase in the live tree carbon stock in the region. A forest
products mill consuming one million tons of roundwood
annually from that region therefore was associated with a
positive net carbon stock change in live trees of 1.3 million
MT CO,e.

When estimates such as these carbon accounting fac-
tors are used in the context of reporting sustainability or
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environmental performance, it’s important to understand the
limitations of the quantification methodology and the proper
contextual interpretations depending on the reporting use.
Three considerations include uncertainty, discrepancies with
allocation of land carbon change to the product unit, and per-
manence considerations for some reporting needs.

Uncertainty

A primary reason for considering uncertainty is to appro-
priately interpret changes over time or differences among
regions. For example, comparisons such as carbon stock
change in one region versus another, or at one point in time
versus another, should consider uncertainty. If the difference
between estimates (across regions or time periods) is less than
our confidence in the estimates themselves (expressed, for
example, by a confidence interval), then conclusions may not
be supported by the data, as differences may be due to sam-
pling error alone.

Estimates derived from FIA have quantifiable uncertainty
based on the sampling design. This means that estimates

Table 2. Regional aboveground live tree carbon stock on timberland, with annual components of change.

Region Carbon stock Gross growth ~ Mortality ~ Harvest ~ Net C stock change =~ Number of plots Growth/drain
(10° metric tonnes CO,e) (10° metric tonnes CO,e/year)
CENT 2,879.7 81.3 44.0 19.2 18.1 7,458 1.9
GP 479.5 13.7 8.3 1.4 4.1 1,338 3.9
NE 7,913.6 199.5 80.7 57.5 61.3 14,554 2.1
NLS 3,272.1 10S.5 45.2 32.7 27.6 18,966 1.8
PNWE 1,241.1 31.2 15.0 9.7 6.5 7,231 1.7
PNWW 4,035.3 112.3 25.3 59.2 27.9 6,799 1.5
PSW 2,252.3 47.6 21.9 11.8 14.0 2,814 2.2
RMN 2,242.4 50.4 43.7 11.7 -5.0 4,255 0.6
RMS 1,472.8 19.5 29.2 2.2 -11.8 3,072 -4.5
SC 9,674.5 472.3 101.0 178.5 192.8 27,523 2.1
SE 7,411.7 344.4 83.8 157.2 103.5 21,410 1.7
CONUS 42,875.1 1,477.9 498.0 541.1 438.8 115,420 1.8

Table 3. Annual carbon stock changes, delivered roundwood quantities, and accounting factors for US subregions. Positive stock changes represent

increases in live tree carbon stocks.

Region Timberland Annual net C stock change Annual delivered roundwood harvest Accounting factor
area (10° in aboveground live trees (10° tons green weight/year) (net C stock change per green ton delivered)
hectares) (10° MT CO,e/year)

CENT 13.3 18.1 15.4 1.174

GP 3.3 4.1 1.1 3.648

NE 31.1 61.3 46.7 1.313

NLS 20.3 27.6 27.5 1.002

PNWE 7.5 6.5 7.8 0.832

PNWW 9.2 27.9 43.8 0.637

PSW 6.5 14.0 10.4 1.354

RMN 14.3 -5.0 9.9 -0.509

RMS 8.5 -11.8 1.9 -6.171

SC 46.2 192.8 147.3 1.309

SE 33.7 103.5 136.7 0.757

CO- 193.8 438.8 448.4 0.979

NUS
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from larger areas, which include more sample plots, will
tend to have greater precision and lower sampling errors
(Table 4). For example, the 95% confidence interval on
aboveground live tree carbon stocks in the PNWW region
is = 2.8%. Estimates at the FIA survey unit level for this same
area (six survey units) have confidence intervals that range
from about 5% to 7% with an average of 6.2%. For esti-
mates at the county level, confidence intervals for the thir-
ty-eight counties average 26.7%. The confidence intervals in
Table 4 are for carbon stock estimates at one point in time.
Estimates for carbon stock change are far more complex to
compute, given the lack of independence between plot mea-
surements at two points in time and the lack of independence
in estimates of components of change. This makes compar-
isons of net stock change between counties even more dif-
ficult. Therefore, although it may be appealing to develop
estimates for very small spatial scales such as counties, the
uncertainty of these estimates may be high, making compar-
isons between counties less reliable. Further work is needed
to be able to refine estimates at smaller spatial scales, and
FIA scientists are actively engaged in research in small area
estimation, which uses additional datasets to help improve
precision of estimates developed from smaller samples of FIA
plots (Westfall et al. 2022).

Similarly, to know (with statistical confidence) whether car-
bon stocks increased over a given time period requires testing
whether the time 2 stock minus the time 1 stock is signifi-
cantly greater than zero. This may rarely be the case for small
geographic areas across short time periods because the stock

change itself may be small relative to the uncertainty of the
estimates. The key point, then, is that comparison of metrics
should include attention to the uncertainty of those estimates,
and this uncertainty will relate to both the spatial and tempo-
ral domains, which influence the number of plots upon which
an estimate is based.

Allocation of Net Carbon Changes to Harvest
Quantities

One of the difficulties in connecting the forest carbon assess-
ments with the wood product and downstream assessments
is converting to similar units. A product’s unit of assessment
is a unit of wood, yet carbon balance must be assessed at a
landscape level. As described previously, one can connect the
two by dividing the net carbon change across the landscape
by the volume of wood that was used for wood products in
that year, resulting in a land accounting factor of “net carbon
stock change per unit of wood consumed.” However, this allo-
cation method is sensitive to the denominator, meaning that
when the area has little harvest, the net carbon stock change
(whether it is positive or negative) is amplified relative to a
region with more harvest. The result is a metric that can be
difficult to interpret on its own.

For example, figure 2 shows that the region with the
highest land accounting factor is GP. This region has the
third lowest net stock change (figure 3). Its land carbon
factor is high because it has almost no harvest, leading to
the net stock change being allocated across a very small

Table 4. Average 95% confidence interval width of aboveground live tree carbon stocks (in percent) for different spatial aggregates.

Spatial Number Average unit area Range of 95% confidence Average confidence
aggregate unit of units (million hectares) intervals per spatial unit interval per spatial unit
PNWW region 1 10.97 +2.8% £2.8%

FIA survey 6 1.83 +4.6% — =7.2% £6.2%

units in PNWW

Counties in 38 0.29 +8.0% — £72.1% +26.7%

PNWW

CENT GP NE

a

Accounting factor (MT CO,e
per green short ton)

-8

NLS PNWE PNWW PSW RMN RMS  SC SE

O-I---_-_ =

Figure 2 Landscape carbon accounting factor by region (net live tree C stock change in MT CO,e per green short ton roundwood delivered).
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number. The region with the highest net stock change, SC,
has a land carbon factor that is similar to the NE, despite
the fact that its net stock change is almost triple that of NE
(figure 3). Finally, two regions have negative land carbon
factors (RMN, RMS). These regions have very little har-
vest but high mortality relative to growth, which meant that
over the last time period, net carbon stocks in live trees
decreased. Because harvest is so low, this negative effect is
amplified.

These examples demonstrate that the land accounting fac-
tor, on its own, does not provide a sufficient indication of the
carbon balance effects of the forest harvest in a region.

Land Carbon Resiliency

Carbon sequestration in forests can be subject to reversals,
where the sequestered carbon is released into the atmosphere
through disturbances such as fire, drought, or insect out-
breaks that result in tree mortality or through forests being
converted to nonforest land uses. Biogenic carbon reversals
are addressed in three ways:

1 Forest carbon offset protocols address the risk of re-
versal through a menu of mechanisms either by set-
ting a contract length, such as is done in the California
Forest Offset Protocol (CARB 2015), assigning dis-
counts based on risk of reversal such as is done with
the Verified Carbon Standard (Verra 2019), or even as-
signing temporary credits, such as was done with the
Clean Development Mechanism of the Kyoto Protocol
(UNFCCC 2013).

2 Annual carbon reporting (e.g., country level reporting
to the IPCC) accommodates reversals by committing to
report every year so that any future reversals will be re-
flected in that future year’s report.

3 Product life cycle assessments accommodate reversals by
implicitly or explicitly incorporating time, for example,
either cradle to gate or cradle to grave (ISO 2006). For
example, in North American wood products cradle-to-
gate Environmental Product Declarations (EPDs), all
biogenic carbon that leaves the gate is assumed to be
immediately released (although it is known that some

200
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80

60

Million MT CO.e/yr

CENT GP NE NLS

20
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carbon is stored in products). In a cradle-to-grave EPD,
emissions in use and end of life are tracked, resulting
in the carbon permanently stored in landfills as the
net removal (North American Wood Product Product
Category Rule)?.

The land carbon accounting factor can potentially be used
for multiple purposes, such as for annual carbon reporting
through the GHG Protocol, or as a supplemental indicator
for a wood product EPD. The GHG Protocol is an organiza-
tional standard, which has a combination of annual and life
cycle reporting, so the land carbon accounting factor could
follow either of these methods. For wood product EPDs, for
the land net carbon sequestration to be consistent with the
product, forest sequestration would need to be modeled and
discounted either (1) in perpetuity (as is the method used
in current North American Wood Product Product Category
Rule (ULE 2019) or (2) over 100 years (to be consistent
with offset protocols and policy time horizon for GWP
adjustment).

How would this be quantified? As with HWP end-of-
life fates, a future carbon scenario could be modeled that
incorporates natural disturbance risk profiles. Another
option would be to divide mortality by the carbon stock in
the region to understand the current health of the region.
For example, the RMN and RMS regions are losing nearly
2% of their live tree carbon stock annually to mortality,
indicating a high risk of reversal in that region (figure 4).
More actively managed regions such as PNWW, SE, and SC
have annual mortality near or below 1% of live tree carbon
stock.

Suggestions for Reporting

Users of wood products are seeking a land carbon met-
ric that can be included in corporate GHG reporting to
reflect regional carbon consequences of their use of wood
fiber. However, the land carbon factor on its own cannot
be ranked in a way to identify carbon benefits of products.
In addition to the difficulty of allocation, the land carbon
factor on its own fails to address forest health and land-use
efficiency.

PNWE PNWW PSW  RMN RMS sC SE

Figure 3 Annual net change in live tree carbon stock (10° MT CO,e/year) by region.
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Figure 4 Annual mortality as a percentage of live tree carbon stock by region.
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Figure 5 Average harvest (MT CO,e) per timberland hectare by region.

Forest health is an indication of forest carbon resiliency
as described above and could be quantified as mortality as a
percent of live tree carbon stock. Given the many competing
pressures on useable land, an indication of how much fiber is
harvested per hectare can help provide information on land-
use efficiency. This factor can be derived by dividing annual
harvest per region by area (figure 5). Clearly, PNWW, SC, and
SE are producing more fiber per unit of land area than other
regions of the country.

Combinations of several metrics (Table 5) are needed to
adequately express carbon dynamics in a wood products
sourcing region. Using the Hoover et al. (2014) regions, one
can understand more about the regions’ forest productivity,
health, and efficiency by looking all these metrics simul-
taneously. For example, although GP has the highest land
accounting factor, it has one of the lowest net stock changes
per hectare, low harvest per hectare, and one of the highest
mortality rates. Collectively, these factors indicate the GP
forests have poorer carbon performance than other regions
but have not yet reached the point where they are losing
more carbon than they are gaining, as is the case in RMN
and RMS.

Conclusions

This article is intended to continue a discussion on how to
meaningfully derive land carbon accounting factors, includ-
ing the tradeoffs in appropriate spatial and temporal scale
given data uncertainty. We show, for example, that although
county-level resolution might be desired, the uncertainty of
estimates derived from FIA data at that spatial grain are very
high relative to regional estimates. Therefore, differences in
metrics between counties may simply be due to sampling
error.

A land carbon accounting factor computed as net carbon
stock change in live trees divided by roundwood deliveries
in a region follows early efforts to communicate harvesting
effects on woodshed carbon balances (Young et al. 2000).
However, the factor may be inflated in regions with low tim-
ber harvest, making interpretation difficult.

Furthermore, the land carbon accounting factor has little
utility in assessing the best place from which to source fiber
as it does not assess resiliency or efficiency. Pairing the land
accounting factor with a resiliency and efficiency factor may
provide a more robust set of information about the durability
and efficiency of land carbon. In addition, information about
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Table 5. Metrics describing regional carbon dynamics. Metrics in bold are better than the national average, metrics in italics are worse.

Region Land carbon accounting factor (annual net  Annual net C stock change per hectare ~ Annual harvest per hectare Mortality as
C stock change per green ton delivered) (MT CO,e/ha/year) (MT CO,e/ha/year) percent of stock

CENT 1.174 1.36 1.44 1.53

GP 3.648 1.21 0.42 1.73

NE 1.313 1.97 1.85 1.02

NLS 1.002 1.36 1.61 1.38

PNWE 0.832 0.87 1.30 1.20

PNWW 0.637 3.05 6.47 0.63

PSW 1.354 2.15 1.81 0.97

RMN -0.509 -0.35 0.69 1.74

RMS -6.171 -1.39 0.13 2.38

SC 1.309 4.18 3.87 1.04

SE 0.757 3.07 4.67 1.13
National 0.979 2.26 2.79 1.16

average

forest management sustainability can help provide assurance
of other ecosystem service co-benefits.

There is clearly room for improvement and there are
many unanswered questions related to the use of land car-
bon accounting factors to inform wood users about carbon
consequences of their purchases. In the United States, users of
roundwood cannot always track their purchase to a specific
forest stand or tract, so accounting must occur at a coarser
spatial grain, such as a region or woodshed. At this point, dis-
tinguishing carbon effects from different types of wood prod-
ucts (construction lumber versus paperboard for packaging,
for example) is complicated because so many harvests produce
wood for multiple products simultaneously, and there is no
obvious way to allocate responsibility beyond total wood con-
sumption, as is done here. Finally, natural disturbances such
as storms, fires, and insect outbreaks clearly have a dramatic
effect on forest carbon balances but are generally ignored in
current carbon accounting frameworks. Improvements in for-
est carbon estimation and monitoring, combined with a more
thorough understanding of the complex wood supply chain,
will enhance future efforts as such accounting.

Endnotes

1 Data were downloaded from FIA DataMart on November 235,
2022. Most recent inventory years by state were 2018 (KY, LA,
TN), 2020 (DE, GA, IL, IN, KS, MS, MO, NE, NH, PA, SC, SD,
VT, VA), 2021 (AL, AR, TA, ME, NC, ND, TX, WI); all others were
2019.

2 Please note that some methods, such as those used in carbon off-
set protocols, set a time period and provide the ability to quantify
the climate benefit of temporary storage using dynamic accounting
or approximations thereof (CARB 2015; European Commission
2010).
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