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ARTICLE INFO ABSTRACT

Mature and old-growth (MOG) forests are superior to younger forests for mitigating the climate and biodiversity
crises. MOG forests store far more carbon per hectare than younger forests, and continue to accumulate carbon
for centuries if not logged or severely disturbed. However, forest and climate policies have not fully protected
older forests and large trees for these benefits despite public concerns. Here, we document our novel approach to
link remote sensing of MOG structural stages with the USDA Forest Service's Forest Inventory and Analysis (FIA)
data to estimate forest area and carbon stocks by conterminous U.S. regions, landowner class, protection status,
and maturity class. We found the greatest stock of carbon and area in mature forests (31.5B Mg, 156.5 M ha), fol-
lowed by young forests (12.8B Mg, 71.9 M ha), and old-growth forests (7.9B Mg C, 35.3 M ha). Old-growth
forests had the greatest carbon density (224 MgC ha™"), followed by mature (201 MgC ha™"), and young (178
MgC ha™"). Only about 18 % of the current stock of carbon in MOG forests is protected from logging. Protecting
MOG from commercial timber harvest, while allowing mature forests to grow into old-growth forests, could in-
crease accumulated forest carbon stocks by 10.8B Mg this century, comparable to 8 years of fossil fuel emissions
in the United States. Stricter prohibitions from logging on Inventoried Roadless Areas of National Forests would
account for 2.9B MgC increase. Avoiding logging of old-growth forests and large trees in mature forests would
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protect and increase this valuable carbon stock that cannot be replaced in the near term.

1. Introduction — why protect mature and old-growth forests?

With the world on track for imminent warming of at least 1.5 °C
with significant impacts on ecosystems and society, countries must dra-
matically reduce emissions from fossil fuels in order to restore a safe
and stable climate (IPCC, 2022a). Nationally Determined Contributions
under the Paris Agreement are not enough since they fall short of the
global emission reductions needed through 2030 and beyond (UNFCCC,
2022). Natural climate solutions can help by removing and storing sig-
nificant amounts of emitted carbon dioxide (CO,) from the atmosphere
(IPCC, 2022b).

Mature and old-growth (MOG) forests with large trees have charac-
teristics that are essential for climate change mitigation and other
ecosystem values (Lutz et al., 2018; DellaSala et al., 2022a). They repre-
sent a significant portion of the CO, that needs to be removed from the
atmosphere by the land (Lawrence et al., 2022). MOG forests store far
more carbon than younger managed forests, and in most cases can con-
tinue to accumulate carbon for centuries if not logged or severely dis-
turbed (Birdsey et al., 2023a; Law et al., 2018; Leverett et al., 2020).
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Large trees in MOG forests on federal lands store between 41 and 84 %
of the total biomass carbon stock in those forests (Birdsey et al., 2023b;
Mildrexler et al., 2020). Furthermore, the largest trees in MOG forests
have annual carbon accumulation rates that far exceed those of smaller
trees (Mildrexler et al., 2020, 2023; Stephenson et al., 2014). Undis-
turbed MOG forests may continue to pack away carbon annually in
their woody debris and soils (Zhao et al., 2006), and the soil carbon is
often protected from effects of disturbances unless they are of high
severity (Nave et al., 2019).

Logging MOG forests emits large quantities of stored carbon and cre-
ates a “carbon debt” that can take decades—centuries in some cases—to
recoup, and until the forest is re-stocked with trees, the land is no
longer able to sequester carbon as rapidly as before the logging took
place (Bartowitz et al., 2022; Law et al., 2018). The impacts of logging
on CO, emissions from forests in the U.S. are significantly greater, on
average, than all other disturbances combined (Harris et al., 2016). In-
creasing domestic and global demand for wood products is expected to
accelerate net emissions from logging and wood processing (FAO,
2022; Peng et al., 2023; USDA, 2023a). Older forests with larger trees
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are generally more resistant to natural disturbances (Lesmeister et al.,
2021), and avoiding logging or active management would make MOG
forests more resilient in the long run by maintaining or increasing
ecosystem integrity (Lindenmayer et al., 2025; Rogers et al., 2022).

Besides their climate benefits, MOG forests are also known for their
irreplaceable role in maintaining biodiversity (DellaSala et al., 2022a;
Lutz et al., 2018; Wirth et al., 2009), hydrological functions (Jones et
al., 2022), climate refugia (Frey et al., 2016; Betts et al., 2018), “blue-
prints” for restoration (Piovesan et al., 2022), and human health
(Gilhen-Baker et al., 2022). For example, older forests of the U.S. have
been shown to serve the greatest public good by maximizing co-benefits
in addition to storing some of the highest amounts of carbon on earth
(Brandt et al., 2014; Moomaw et al., 2019). And perhaps most impor-
tantly for carbon retention, biodiversity helps support resilience, which
enables rapid recovery from disturbances (Seddon et al., 2021).

Increasing risk related to climate change is an important factor in
land management decisions even though there are competing assess-
ments of best practices (e.g. Davis et al., 2023; Elder et al., 2022).
Rapidly-improving climate and ecosystem monitoring and modeling ca-
pabilities have illustrated climate change risks with greater clarity than
ever before (Bonan and Doney, 2018; Buotte et al., 2019; DellaSala et
al., 2025; IPCC, 2022a). Thus, it is expected that natural disturbances
will continue increasing in area and severity for the foreseeable future,
and will be a factor in determining the net effect of natural climate solu-
tions (Domke et al., 2023).

A recent inventory of MOG forests on 72 M ha of federal land in the
U.S. (USDA Forest Service, 2024a) revealed that 46 M ha or 63 % of the
federal forest is classified as MOG, with the remainder labeled “young.”
The inventory is a critical starting point, from which agencies could
make decisions about how public forests are managed with respect to
the agency's recently released (and later rescinded) national old-growth
amendment (USDA Forest Service, 2024b). The federal inventory was
based entirely on data from the U.S. national forest inventory (Woodall
et al., 2015). However, DellaSala et al. (2022a) used a different inven-
tory approach based on remote sensing to identify and map the area of
forest structural classes across all ownership classes in the contermi-
nous U.S. and how much of the area has protected status. Although not
fully compatible with the Forest Service inventory, results were similar
with the main exception being how forest types with sparse cover such
as pinyon pine (Pinus spp) and juniper (Juniperus spp.) were classified.
In the DellaSala et al. (2022a) study, MOG totaled 67 M ha or 36 % of
all forest land in the conterminous U.S., mostly scattered on Forest Ser-
vice national forests and some Bureau of Land Management lands in
western regions.

DellaSala et al. (2022a) found that approximately 76 % of MOG
forests on Forest Service and Bureau of Land Management lands are un-
protected from logging, which renders them vulnerable to losing their
stored carbon as a result of evolving national policies and local man-
agement decisions. The study included GAP1 and GAP2 lands (U.S.
Geological Survey, 2022), which exclude Forest Service Inventoried
Roadless Areas (IRAs) that are protected from commercial logging but
allow for tree cutting for other purposes. The study further estimated
that additional protection of MOG from logging could avoid CO, emis-
sions equivalent to about 9 % of total annual U.S. emissions.

Carbon stocks on U.S. federal lands tend to be much higher than
other landownerships (Heath et al., 2011; Krankina et al., 2014) and if
protected from logging could act as strategic carbon reserves (Law et
al., 2022). Birdsey et al. (2023b) examined a selection of 11 national
forests across the conterminous U.S. to identify how much carbon is
stored and accumulating in MOG, how much is protected, and what
stand age and diameter limits could be used to protect larger trees and
MOG for various forest types. Results showed that the minimum age at
which forests may be considered mature, according to peak carbon cap-
ture, ranged from 35 to 75 years among the regions and forest types
studied. The carbon stored in all trees of the 11 forests totaled
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561 M Mg, of which 73 % is in larger trees and 60 % is in unprotected
larger trees. Forest stands with the greatest carbon stored were mainly
in the Pacific Northwest, and all but one of the 11 forests experienced
an increase in above-ground carbon over recent years.

Each of the MOG studies used different definitions of maturity, hav-
ing some common elements such as structural and stocking variables,
and growth stage, but different variable thresholds. Refining the scien-
tific understanding of what constitutes a mature forest has implications
for either expanding or reducing the area of forest considered for pro-
tection. For example, Birdsey et al. (2023b) developed a measure of the
onset of a mature forest based on tree diameter and the age at which the
tree canopy becomes fully closed, called “Culmination of Net Primary
Productivity.” Similarly, Barnett et al. (2023) identified the “Culmina-
tion of Mean Annual Increment” as the lower bound of a mature forest.
The new inventory from the USDA Forest Service (2024a) defines the
lower bound of a mature forest as the growth stage when regeneration
has begun underneath the canopy. This results in a slightly smaller esti-
mation of the amount of MOG in the U.S—yet still estimates MOG as ap-
proximately 63 % of the total area of federally managed forests.
DellaSala et al. (2022a) defined MOG using measurements of forest
structure (canopy height, canopy cover, and biomass) to determine that
federal lands contain the largest concentration of MOG in the contermi-
nous U.S. Differences in terminology and definitions are important be-
cause forest policy debates surrounding the responsible management of
MOG depend on clearly identifying their areas and other characteris-
tics.

Here, we build on previous studies by integrating publicly available
data sets based on remote sensing, mapping, and forest inventories, to
estimate how much additional carbon storage could be attained by in-
creasing MOG protection during this century. We focus on MOG forests
because of their superior natural climate and biodiversity benefits even
though young forests have large amounts of carbon based on their area
alone. We also briefly address threats to MOG forests from natural dis-
turbances and logging. Our specific objectives are to: (1) estimate the
area and carbon stocks of MOG forests by ownership class and protec-
tion status for all forest lands of the conterminous U.S.; (2) estimate
how much additional carbon stock could be protected with policies that
restrict logging; and (3) consider how increasing threats from natural
disturbances could impact MOG forests in different regions.

2. Methods

2.1. Classifying forest maturity based on remote sensing of forest structural
variables

The following terms and definitions are used to estimate and de-
scribe the 3 maturity categories of forests: young, mature, and old-
growth.

Approaches to estimate and describe maturity categories of forests

USDA Forest “Growth stages” based on in situ variables described in Woodall
Service (2024a) et al. (2023): structure, stocking, and succession stage or age.
DellaSala et al. “Structural classes” based on remote sensing measurements of
(2022a) forest structure (canopy height, canopy cover, and biomass).
This paper “Maturity classes” derived from DellaSala et al. (2022a) and
intended to also represent USDA Forest Service terms and
definitions.

To classify forests along a maturity continuum, DellaSala et al.
(2022a) generated a spatial data layer of 30-m pixels clustered into 10
ordinal classes of relative forest maturity based on the structural vari-
ables forest cover, height and biomass (Fig. S1). Forest cover was taken
from Hansen et al. (2013); forest height from Potapov et al. (2021); and
biomass from Harris et al. (2021). Pixels were assigned a score from 0 to
3 for each of the three structural variables and summed to provide a to-
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tal score of between 0 and 9 with 9 representing the most mature forest
within USFS Forest Type Groups by ecoregion. The nine ordinal struc-
tural classifications were grouped into three levels based on their scor-
ings: 1-3 Young; 4-6 Intermediate; and 7-9 Mature/Old Growth. Pixels
with a value of O were classed as indeterminate. For this study, we mod-
ified the 3 groupings used in DellaSala et al. (2022a) to better align
with forest maturity definitions labeled “growth stages” in Woodall et
al. (2023) by matching as close as possible the area estimates for the 3
maturity classes on federal lands. Our revised classifications based on
levels of structural variables are: 1-4 Young; 5-8 Mature; and 9 Old
Growth.

We also classified selected USFS forest inventory plots following the
scheme by Stanke et al. (2020) to fill gaps in areas where FIA plots were
not aligned with any mapped structural classes (discussed in Section
2.3). This facilitated carbon stock estimates that could be better
matched with similar estimates from the FIA database. Similar to
DellaSala et al. (2022a), the Stanke et al. (2020) classification is based
on forest structural variables — the relative basal area of canopy stems
in various size classes: Pole (11-25.9 cm dbh); Mature (26-45.9 cm
dbh); and Large (Large: 46+ cm dbh). Based on the sampled trees
within FIA plots, three broad maturity stages were identified: (1) Pole
Stage, >67 % basal area (BA) in pole and mature classes, with more BA
in pole than mature; (2) Mature Stage, >67 % BA in pole and mature
classes, with more BA in mature than pole or >67 % BA in mature and
large classes, with more BA in mature; and (3) Late-Successional Stage,
>67 % BA in mature and large classes, with more in large classes. A
fourth classification was named Mosaic to classify any plot not meeting
above criteria.

2.2. Forest protection status

Spatial data on forest protection status (PAD-US; Fig. S2) was ob-
tained from the Gap Analysis Project (GAP) developed by the U.S.
Geological Survey (2022). According to the USGS, GAP Status 1 in-
cludes areas managed for biodiversity such as Wilderness Areas and Na-
tional Parks where natural disturbances are allowed to proceed. Gap
Status 2 includes areas managed for biodiversity where natural distur-
bance is suppressed such as National Monuments. GAP Status 3 in-
cludes areas protected from land cover conversion but subject to extrac-
tive uses such as logging and mining. GAP Status 4 has no known man-
date for protection. As in DellaSala et al. (2022a), Inventoried Roadless
Areas (IRAs; Fig. S3) were filtered from the USGS dataset and classified
as GAP2.5 even though IRAs are given GAP3 status in the PAD-US
dataset because these areas have some administrative protections from
most forms of logging, and we wanted to assess how much additional
carbon could be protected if they were bumped up to GAP 2 status. We
note that the National Roadless Conservation Rule has been challenged
14 times in the courts and has been reversed and then reinstated repeat-
edly on the Tongass National Forest in Alaska. Legislation to codify the
national rule has been proposed but has never passed the U.S. Congress.

2.3. Overlaying mapped structural stages with FIA plots

An important and novel aspect of our approach is to spatially link
the maps of structural stage and protected status with the USFS Forest
Inventory and Analysis (FIA) data to estimate carbon stocks by maturity
class and protection status, in addition to attributes retrieved from the
FIA database, including owner class and region. A key challenge was
that the geographic coordinates of publicly available FIA sample plots
are intentionally obscured by law to protect landowner privacy and to
keep the sample plots hidden from activities that could bias the sample
(LaPoint, 2003). According to FIA protocol, this “fuzzing” procedure
consists of randomly relocating most sample plot latitude and longitude
coordinates within one-half mile (0.8 km) of their actual coordinates,
with the remainder relocated up to 1 mile (1.6 km). Additionally, some
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sample plots on private lands are “swapped,” which consists of ex-
changing the plot coordinates for a small number of similar plots within
the same county.

To help ensure that forest maturity and protection status classifica-
tions assigned to FIA plots reflected the broader area around their
fuzzed locations, we used a buffered approach. First, we rasterized the
protection status vector data, matching the spatial resolution and orien-
tation of the DellaSala et al. (2022a) forest maturity map (30 X 30 m).
We then converted the FIA plots from tabular to spatial data (points) us-
ing the LON and LAT columns. Next, we applied a 1/2 mile (0.8 km)
buffer to the plots and then recorded the most frequent rasterized class
within each plot buffer. If multiple classes were equally split within a
buffer, then the younger structural class or the lowest protection status
was recorded, respectively. This decision ensured that our classification
of mature and old growth forest or higher levels of protection status
were conservative. If no DellaSala et al. (2022a) structural class pixels
fell within a plot buffer, then the plot was labeled unclassified and such
plots were separately classified using the Stanke et al. (2020) approach.
If no protection status pixels fell within a plot buffer, then these plots
were labeled “nongap.” The spatial attributes extracted using the plot
buffers were then joined back into the FIA database. Geoprocessing
steps were performed primarily with Google Earth Engine (Gorelick et
al., 2017), with preprocessing steps performed using GDAL (2021) and
the statistical software R (R Core Team, 2021).

2.4. Estimating carbon stocks

FIA sampling protocols and estimation procedures are well docu-
mented (Bechtold and Patterson, 2005; Woodall et al., 2011, 2015) and
widely used for estimating forest carbon stocks. We used two different
approaches to estimate carbon stocks by region, maturity class, pro-
tected status, and ownership class. We estimated area and carbon using
the matched FIA plots for “young,” “mature,” and “old growth” matu-
rity classes, based on the revised structural classifications combined
with the FIA sample-plot data on area and carbon estimates. Separately
for the unmatched FIA plots, we estimated area and carbon by the
Stanke et al. (2020) maturity classification. Then both were added to-
gether to arrive at the totals by maturity class. Protected status was as-
signed according to the protected area map, which includes areas that
have not been assigned a GAP status in the PAD-USA database (“non-
gap” areas). We also independently estimated the total carbon stock by
owner, querying all sample plots in the FIA database using the Forest
Service EVALIDator application (USDA Forest Service, 2023b), in order
to compare estimates accounting for the correct amount of contermi-
nous U.S. carbon as estimated by FIA data, without the allocation to
MOG or protected status classifications.

Estimates of carbon stocks in above- and below-ground biomass of
live and dead trees are based on extensive inventory measurements;
whereas for the other carbon pools, modeled estimates based on mea-
surements of a subsample of FIA plots are used to populate the FIA data-
base. Other carbon pools in the FIA database include understory vegeta-
tion, coarse woody debris, forest floor, and organic soil. The methods
for modeled estimates are very similar to those reported in Smith et al.
(2006), as updated for compiling the current national FIA database
(Domke et al., 2012; Woodall et al., 2011, 2015). We report uncertain-
ties of the total carbon estimates based on estimated sampling errors in
the FIA database, but not estimates for the individual carbon pools. Of
these, estimated live-tree biomass has the smallest contribution to sam-
pling error and soil carbon the largest (Smith et al., 2006).

All states had at least one complete remeasurement cycle of 5 to
10 years available in the FIA database, which was queried using the
rFIA package (Stanke et al., 2020) for the statistical software R (R Core
Team, 2021). The most recent complete inventory cycle from the data-
base was selected. We accounted for all carbon pools (live and dead bio-
mass, coarse woody debris, forest floor, and organic soil) for estimating
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carbon stocks, following the FIA definitions for these carbon pools
(Woodall et al., 2015). All variables were converted to consistent units
of megagrams (Mg = metric ton) or Mg per hectare (Mg/ha). Sampling
errors for the carbon stock estimates were generated using the rFIA
package (Stanke et al., 2020) for the statistical software R (R Core
Team, 2021) in which variances incorporate design information via in-
verse-probability weighting. Bechtold and Patterson (2005), describes
in detail the theoretical basis for estimators used by the FIA program
and implemented by rFIA. Sampling errors are generally quite low be-
cause of the large number of plots that contribute to each estimate.
Sampling errors for carbon stock estimates were used to derive the re-
ported 95 % confidence intervals. Sampling errors do not account for
modeling errors, which can be quite large, nor do they account for map
errors or errors in area estimates, which may also be quite large but are
not reported in the source documents. We treated map data as classifi-
cation variables that do not contribute to the error estimates associated
with carbon stocks.

Carbon stocks for large trees were estimated to analyze the impact
of applying diameter limits as a means to restrict logging of the largest
trees in each region and forest type. Using two sources, we estimated
the minimum diameter at breast height (dbh) for old-growth forests,
based on definitions in USDA Forest Service (2024a), and separately for
mature forests based on definitions in Birdsey et al. (2023b) (Table S1).

2.5. Analysis domains and comparison with published estimates

We defined 4 broad regions (Pacific Coast, Rocky Mountain, North,
South) to provide some geographic perspective to the results and analy-
sis (Fig. 1). The designated regions correspond to areas characterized by
distinct ownership patterns and land-use histories. We also developed
estimates by broad land ownership categories based on FIA plot condi-
tions: National Forest (owned by the USDA Forest Service), Other Pub-
lic (mostly owned by the Bureau of Land Management), and Private.
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To contextualize our results, we carefully reviewed the most recent
published data on MOG area, protected status, and carbon stocks
(Birdsey et al., 2023b; DellaSala et al., 2022a; USDA Forest Service,
2024a), and compared these different estimates.

We were unable to replicate the plot-level estimates of MOG area
prepared by the USDA Forest Service since fully detailed descriptions of
their methods, which apply variable MOG definitions based on region
and forest type, have not yet been published. Neither have the FIA MOG
plot classifications been included in the database of FIA-calculated sam-
ple plot condition estimates. For our study, we integrated remote-
sensing based estimates from DellaSala et al. (2022a) with FIA data that
was the foundation of published estimates by Birdsey et al. (2023b) and
USDA Forest Service (2024a). More generally, we developed simple
crosswalks between remote sensing and forest inventory data to consis-
tently classify young and MOG based on compatible stand structural
variables.

2.6. Impacts of natural disturbances and logging

To characterize impacts of natural disturbance and logging on pro-
tected and unprotected forest areas and carbon stocks, we summarized
a USDA Forest Service compilation of data on areas affected by natural
disturbances and timber harvesting, and impacts on carbon stocks, by
region and disturbance type for the USDA Forest Service National
Forests (Birdsey et al., 2019). These data covered the period
1990-2011, the most recent time line available. The approach to devel-
oping this disturbance data involved compilation and validation of
mapped area of natural disturbances and logging by severity classes
based on percent canopy affected, forest type, and region; selection of
representative FIA sample plots within each category; and using the FIA
plots to parameterize the Forest Vegetation Simulator to estimate im-
pacts of the different disturbances on carbon stocks over time
(Raymond et al., 2015).

Fig. 1. Four broad forest regions of the conterminous United States used in our analysis. These same regions are used by the USDA Forest Service Resources Planning

Act analyses (USDA Forest Service, 2023a).
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3. Results
3.1. Number of FIA sample plots

Based on the buffered overlays, we were able to match >90 % of all
available FIA sample plots with corresponding structure classes from
the MOG map (Table 1). About 9 % of sample plots did not have an as-
sociation with a maturity class and were treated separately in the analy-
sis (see methods Section 3.4). Each of the major ownership classes had
sufficient sample plots to estimate carbon stocks by maturity class and
protected status within the 4 broad regions (Table S2). Details of the
distribution of sample plots by region, maturity class, protected status,
and owner, are available in the Supplemental Tables S3-S7. The spatial
distribution of the sample plots classified by maturity class is shown in
Fig. S4.

3.2. Forest area by owner, maturity class, and protected status

Based on the overlay of structural classes and FIA plots, 57 % of the
276 M ha of forest in the conterminous U.S. is classified as mature and
13 % as old growth (Table 2). Young forests account for about one
quarter of the forest land across all owners. About 63 % of the forest
area is in private ownership. Old growth was surprisingly highest on
private lands but not when Forest Service and Other Public forest areas
were combined. By region, the Rocky Mountains have the most old-
growth with 14 M ha, followed by the Pacific Coast with 9 M ha, the
South with 8 M ha, and the North with 5 M ha (Fig. S4 and Tables S3 to
S7). The Forest Service has the highest percent of its forest area classi-
fied as old growth at 25 %.

As a check on these forest area estimates, we compared them with
estimates recently developed USDA Forest Service (2024a) for national

Table 1

Number of inventory sample plots located within mapping buffers that in-
cluded data from the forest structure map. “Outside” plots were within buffer
areas but lacked data about MOG classification. These were classified accord-
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forest lands (Table 3). Although the difference in total forest area is
only about 5 %, the estimates from our study are 39 % lower for young
forests and about 37 % higher for old-growth forests compared with the
USDA Forest Service MOG inventory. There are several differences in
definitions and methods that most likely account for these inconsisten-
cies — see discussion Section 4.3. Briefly, our estimates are based on the
modified DellaSala et al. (2022a) structural classification, whereas the
Forest Service estimates are based on “growth stages” (i.e. age, growth
variables). We also note that the FIA estimates include Alaska and
Hawaii whereas ours do not.

Only a small percentage of forest (~15 %) has any level of protec-
tion (GAP 1, 2, or 2.5) (Fig. 2). The GAP 2.5 areas (IRAs) on national
forests allow for exemptions to the protections for certain kinds of de-
velopment projects (e.g., hydroelectric, mining), including logging of
primarily small diameter trees for wildfire concerns (Dietz et al., 2021).

3.3. Carbon stock density

There are clear differences in carbon density by owner and maturity
class (Fig. 3; Table 4). As expected, the average carbon density in-
creases from young to old-growth forest, by 35 % for the Forest Service,
22 % for Other Public, and 13 % for private owners. Comparing
landowner groups, carbon density on National Forest land across all
maturity classes is 12 % greater than for other public forest land, and
18 % greater on average than for private lands (Table 4). For private
owners there is no apparent difference in density between mature and
old-growth maturity classes, likely reflecting the rarity of old-growth
forests in the North and South regions, and their occurrence on sites
with lower productivity than average for these regions (see discussion
Section 4.3). Carbon densities by region (Tables S8 to S11) show the
greatest carbon densities in the Pacific Coast region, and the lowest in

Table 3
Forest structure area estimates from our study vs. estimates developed by the
USDA Forest Service (2024a) for national forests (M ha).

ing to the scheme by Stanke et al. (2020). Estimate Young  Mature  Old growth Indeterminate Total
Ownership and status Number of plots Percent of total Our study 12.7 27.3 13.7 1.6 55.3
USDA (2024a) 20.8 27.6 10.0 n/a 58.4
National forest Difference 8.1 0.3 3.7 n/a 3.1
Inside 34,988 99.1 %
Outside 314 0.9 %
Total 35,302 100.0 %
Other public X . .
Inside 10,932 86.4 % M Forest Service Other Public ™ Private
Outside 3137 13.6 % 180
ch)tal 23,069 100.0 % 160
Private
Inside 71,816 88.2 % 140
Outside 9563 11.8 % . 120
Total 81,379 100.0 % £=
All owners 5 o
Inside 126,736 90.7 % 5 2B
Outside 13,014 9.3 % 60
Total 139,750 100.0 % 40
20 I
Table 2 o mE_ N in =
Area of forest by landowner and maturity classes, conterminous U.S. (M ha).* GAP1+2 GAP2.5 GAP3+4 NOnGAP
Maturity class Forest service Other public Private Total
Young 12.7 11.8 47.3 71.9 Fig. 2. Forest area by protected status and landowner classes, calculated from
Mature 27.3 25.6 103.7 156.5 forest maturity classes based on the forest structure map produced by
0ld growth 13.7 6.2 15.4 35.3 DellaSala et al. (2022a). GAP1 + 2 has the highest level of protection with
Indeterminate” 1.6 2.6 8.5 12.7 most areas excluding active management except that suppression of natural
Total 55.3 46.2 174.9 276.4 disturbances may be allowed in GAP2. GAP2.5 represents “Inventoried Road-

a Forest maturity classes are based on the forest structure classifications
mapped by DellaSala et al. (2022a).

b Area could not be classified by maturity class because no overlap with
mapped structure classes.

less Areas” managed by the USDA Forest Service. GAP3 + 4 areas have little
or no protection from land-use change or resource extraction. “NonGAP” areas
were not assigned a protection status in the PAD-USA database, though it is
likely that these areas fall into the GAP3 + 4 classification.
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Fig. 3. Carbon density by landowner and maturity classes. Sampling errors with 95 % confidence shown as error bars, with values for carbon density above the error

bars.

Table 4
Conterminous U.S. carbon densities by owner, maturity class and protected
status (Mg/ha). Sampling errors shown in Table S3.

Owner and maturity class Protected status

GAP1 + 2 GAP2.5 GAP3 + 4 NonGAP Total

Forest service

Young 194 182 189 228 190
Mature 229 210 218 229 219
Old growth 262 229 269 244 256
Indeterminate 207 205 214 213 210
Total 227 210 223 231 221
Other public

Young 186 173 187 180
Mature 221 187 220 206
Old growth 227 212 225 219
Indeterminate 167 122 157 139
Total 212 183 208 197
Private

Young 192 175 173 174
Mature 220 177 196 195
Old growth 217 177 202 197
Indeterminate 184 149 168 167
Total 210 175 189 188
Total

Young 190 182 180 175 178
Mature 224 210 197 198 201
Old growth 244 229 234 204 224
Indeterminate 186 205 150 168 166
Total 217 210 198 191 196

the Rocky Mountains where the total MOG area is highest. North and
South carbon densities fall between these two extremes. Differences in
GAP status (Table S8) show that areas with higher levels of protection
(GAP1 + 2) have higher carbon densities than areas lacking protection
(GAP 3 + 4) by about 10 %, all owners combined. The difference be-
tween high and low levels of protection are greatest for other public
(+16 %) and private (420 %) owners. Besides ownership, regional dif-
ferences may be driving these results as the most significant differences
occur in the Pacific Coast (+9 %) and Southern (425 %) regions (Ta-
bles S8 to S11).

3.4. Carbon stock by maturity class and protected status

Conterminous U.S. forests contain 54B MgC, with the largest
amount by far (58 %) in the mature forest class (Table 5). Only about
15 % of forest carbon is within the old-growth forest maturity class.
Most (83 %) of the carbon stock in conterminous U.S. forests is unpro-
tected, plus a small amount (5 %) partially protected in roadless areas
(Fig. 4). Among all owners, only 18 % of carbon stored in MOG forests
has some protection (including IRAs). The pattern is similar for each
owner class, though the Forest Service has the greatest amount of car-
bon (5B Mg or 42 % of total) in protected and partially protected status,
including 0.6B Mg in old-growth forests and 0.9B Mg in roadless areas
(Fig. 4). There is almost no carbon protected by private owners, though
reporting is voluntary and likely to be omitting many privately pro-
tected areas that have not been assigned a protection status in GAP. By
region (Tables S4 to S7), 18 % of total carbon is protected (not includ-
ing IRAs) in the Pacific Coast, followed by 16 % in the Rocky Moun-
tains, 12 % in the North, and 5 % in the South. In old-growth forests,
2.1B Mg carbon is protected or partially protected, amounting to 30 %
of the total carbon in old-growth forests.

As a check on our carbon stock estimates, we independently queried
the FIA database and compared their results with our estimates (Table
6). Our estimates are reasonably well in line with those by the U.S. For-
est Service (Smith et al., 2019).

Table 5

Carbon stock by landowner and maturity classes, conterminous U.S. (million
Mg). Numbers in parentheses represent sampling errors with 95 % confi-
dence.

Maturity class Forest service  Other public  Private Total
Young 2416 (44) 2128 (43) 8233 (82) 12,777 (102)
Mature 5967 (66) 5265 (69) 20,228 (125) 31,460 (157)
0ld growth 3512 (52) 1355 (37) 3037 (49) 7905 (81)
Indeterminate” 330 (16) 364 (17) 1416 (35) 2110 (42)
Total 12,225 (96) 9112 (91) 32,914 (161) 54,252 (208)

a Carbon stock could not be classified by maturity class because no overlap
with map classification.
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Fig. 4. Total carbon stock by landowner, maturity class, and protected status. Sampling errors with 95 % confidence shown. Percentages represent the proportion of
carbon in each protected status class. For example, the young forests of all owners are 10 % protected, 4 % roadless, and 86 % unprotected. “Roadless” refers to In-
ventoried Roadless Areas on National Forests. Note the different scales of the y axis.

Table 6

Comparison of estimated total forest carbon stock (million Mg) by landowner
class from the U.S. Forest Service (Smith et al., 2019) and our study. Note
that the Smith et al. (2019) estimates include more area than the contermi-
nous U.S.: portions of Southeast Alaska, Hawaii, and several small islands in
the Caribbean Sea and Pacific Ocean are included. Numbers in parentheses
represent sampling errors with 95 % confidence.

Table 7

Carbon in biomass of all trees, large trees, and unprotected large trees on for-
est land by landowner and maturity classes, conterminous U.S. (million Mg).
Numbers in parentheses represent sampling errors with 95 % confidence.
Large trees were defined differently for mature and old-growth forests — with
old-growth forests having higher minimum thresholds than mature forest
(Table S1).7

Forest service Forest service Forest service Forest service Forest service Maturity class Forest service Other public  Private Total
Smith et al. (2019) 13,761 (76) 8459 (53) 30,416 (91) 52,627 (139) All trees
Our study 12,225 (98) 9112 (9) 32,914 (165) 54,252 (217) Young 629 (19) 560 (20) 2426 (39) 3615 (47)
Difference 1531 653 2,499 1625 Mature 2085 (35) 1801 (40) 7494 (67) 11,380 (91)
old growth 1390 (33) 512 (24) 1098 (29) 3000 (51)
3.5. Large trees and forest biomass Total 4104 (53) 2873 (49) 11,017 (88) 17,994 (108)
Large trees
To focus on the live-tree component of ecosystem carbon stock, we Young 320 (11) 280 (12) 1139 (21) 1739 (26)
included analyses of biomass contained in large trees, defined differ- Mature 1188 (23) 1006 (25) 4056 (41) 6250 (50)
ently for mature and old-growth forests (see methods Section 2.4, Table Old growth 393 (14) 171 (12) 321D 885 (21)
S1). Carbon in biomass of live trees (Table 7) closely mirrors the area Total 1901 (29) 1456 (31) 5516 (44) 8874 (62)
distribution of forests by owner and maturity .class. Private owners Unprotected® large trees
manage the most biomass and most of it (68 %) is in the mature forest Young 262 (15) 209 (15) 1112 (26) 1584 (38)
class. Likewise, the Forest Service and other public owners have most of Mature 955 (30) 635 (28) 3957 (47) 5548 (72)
their biomass in mature forests, accounting for 51 % and 63 % of all 0ld growth 326 (19) 107 (12) 313 (14) 745 (30)
biomass within these owner groups, respectively. The Forest Service Total 1543 (39) 952 (34) 5382 (54) 7877 (87)

has the most biomass in old-growth forests, accounting for 34 % of their
total. By region, the most biomass is in the South followed by the North,
Rocky Mountains, and Pacific Coast (Table S12). The largest amount of
biomass in old growth is in the Pacific Coast, 44 % of all biomass in old-
growth forests of the conterminous U.S.

About 49 % of biomass in live trees is in trees classified as large
(Table 7). Private owners hold the most large-tree biomass with 50 % of
their total biomass tied up in large trees. Results are similar for the two

a Only GAP status 1 and 2 are considered protected in this table.

public owner groups. Most of the large-tree biomass is in mature
forests, though there is a substantial amount in both young and old-
growth forests. By region (Table S13), the greatest amount of biomass
carbon in large trees is in the North and South regions followed by the
Pacific Coast and Rocky Mountains, a pattern that echo's the distribu-
tion of total live biomass. Most (89 %) of the biomass of large trees is



R.A. Birdsey et al.

unprotected from commercial logging among all owners (Table 7). By
landowner, 81 % of the carbon in large trees is unprotected by the For-
est Service; 65 % unprotected by other public owners, and 98 % unpro-
tected by private owners. Protection differs by region (Table S14). The
greatest amount of unprotected biomass in large trees is in the South,
followed by the North, Pacific Coast, and Rocky Mountains.

3.6. Forest disturbances

Nationwide, wildfire affected both the greatest area, 2.7 M ha, and
had the largest cumulative impact on carbon emissions (i.e. loss of car-
bon stock) (—1.61 Mg/ha of total forest area) based on data from 1990
to 2011 on the National Forest system (Table 8). Similar data is not
available for other ownerships. During this period, wildfire was the
principal natural disturbance for the Rocky Mountains and Pacific
Coast. Insects were predominant in the Rocky Mountains, affected
1.9 M ha nationwide, and reduced carbon stock by —0.90 Mg/ha of to-
tal forest area over the period. Logging had the third greatest impact on
forest area at 1.4 M ha spread rather widely across the national forests.
The average carbon emissions from logging were —0.91 Mg/ha of total
forest area, with the greatest cumulative impact in the South followed
by the Pacific Northwest and the North.

4. Discussion
4.1. Comparisons with other studies

We found that National Forests have the greatest average carbon
density in each maturity class, commensurate with previous studies
(Buotte et al., 2020; Heath et al., 2011; Krankina et al., 2014; DellaSala
et al., 2022a). About 83 % of the carbon stock in conterminous U.S.
forests is unprotected, and 5 % is partially protected in Inventoried
Roadless Areas. National forests have the highest proportion of stored
carbon in protected status (GAP 1 + 2 = 19 %) and partially protected
(GAP 2.5 = 23 %) status. There is almost no forest carbon protected by
private owners in any of the maturity classes, which may be due to the
large area of private forests that was not assigned a GAP status.
DellaSala et al. (2022a) estimated that 24 % of national forest area was
fully protected (GAP 1 + 2 only), which is similar to our estimate of
19 %. The difference is partly due to FIA plots that did not match with
any protected status shown on the map, and thus their protection status
was indeterminate in our study. It is also likely that differences in as-
signing ownership were significant. For this study, ownership was de-
termined by classification at sample plot locations, whereas in the
DellaSala et al. (2022a) study, ownership was based on mapped owner-
ship boundaries. Nonetheless, these levels are below those recom-
mended by international protection efforts of 30 x 30 and 50 X 50
(see DellaSala et al., 2022a) and ongoing losses from logging are incon-
sistent with international pledges and policies to end such losses (e.g.,
Glasgow Leaders' Forest Declaration, Paris Climate Agreement).

Table 8
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Large trees have a disproportionate influence on carbon stocks and
other values of forests (Birdsey et al., 2023b; Lutz et al., 2018;
Mildrexler et al., 2020). We found that nationwide, about 49 % of bio-
mass in live trees is classified as in large trees, using a variable diameter
threshold according to region and forest type, and separate thresholds
for mature and old-growth forests (Tables 7, 8) that are within the
range of other studies which found 41 % to 84 % of the stock in large
trees. Although we did not estimate carbon accumulation rates in this
study, others have documented that large trees accumulate carbon
faster than smaller ones in proportion to their occurrence (Mildrexler et
al., 2023; Stephenson et al., 2014). Private owners hold the most large-
tree biomass because of their large area, followed by the Forest Service
and Other Public owners. All of the owner categories had about half of
their total tree biomass in large trees. Most of the large-tree biomass is
in mature forests, though there are substantial amounts in both young
and old-growth forests. About 81 % of the carbon in large trees is un-
protected by the Forest Service; 65 % unprotected by other public own-
ers, and 98 % unprotected by private owners. Our results are commen-
surate with previous work (DellaSala et al., 2022a) and the diameter
thresholds used by the Forest Service as part of the inventory of MOG
on federal lands (USDA Forest Service, 2024a). As discussed in Section
4.2, focusing on large trees in developing land management policy can
have widespread effect based on the large quantity of carbon in their
biomass.

4.2. Policy implications

Nearly two-thirds of conterminous U.S. forests (175 M ha) is in pri-
vate ownership. Mature forests account for more than half of all forest
area, with old-growth forests having the smallest area at about 13 %.
Among ownerships, the Forest Service has the greatest proportion clas-
sified as old-growth forest, 13.7 M ha or 25 % of their total forest area,
a little higher than estimated by the recent USDA Forest Service
(2024a) inventory. Of the 54.2B MgC in conterminous U.S. forests, the
largest amount — 20.2B MgC or 37 % — is within privately-owned ma-
ture forests. In contrast, National Forests have the greatest amount of
carbon in old growth among all owner classes at about 3.5B Mg. These
data point to potential owner-specific policies that could be enabled to
increase protection of old-growth forests and allow mature forests to
become old growth.

Our results support increased protection and restoration of mature
and old-growth forests on the National Forest system (White House,
2022). Allowing mature forests to attain old-growth status represents a
significant opportunity to increase carbon stocks (Moomaw et al.,
2019). The Forest Service and Bureau of Land Management, having the
most forest area in MOG among public owners, each have opportunities
to increase protection of these forests (DellaSala et al., 2022a). Specific
to the Forest Service, IRAs that currently have incomplete protection
(Dietz et al., 2021) could be elevated into higher protection status by
enacting stricter limits to logging and other forms of development

Impacts of fire, insects, and logging on area and carbon emissions on Forest Service lands by region, cumulative from 1990 to 2011.%

Area disturbed

Loss of non-soil C°

Region Fire Insect Logging Fire Insect Logging
(ha) (ha) (ha) (Mg/ha) (Mg/ha) (Mg/ha)
North 28,351 1288 182,399 -0.16 —-0.01 -1.54
South 128,097 23,666 265,555 —-0.94 -0.18 -2.59
Rocky Mountain 1,728,774 1,775,343 451,227 -1.63 —-3.78 -0.40
Pacific Coast 843,426 73,510 439,270 —-2.99 -0.29 -1.47
All regions 2,728,781 1,874,506 1,374,390 -1.61 —-0.90 -0.91

a Data from USDA Forest Service “carbon dashboard” accessed January 10, 2024. This dashboard has since been removed from the Forest Service website. https://p
ublic.tableau.com/views/Carbon_Dashboard_Public/TallDashboard?:showVizHome = no&:embed = true.
b Estimated as C lost from the specified disturbance divided by the total forest area of the Region.
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(DellaSala et al., 2022a). Codifying roadless protections also could
come from congressional legislation.

Results of our study highlight significant opportunities to increase
the area of old-growth forests that have larger carbon stocks than
younger forests, and to increase the areas of mature and old-growth
forests that are protected from logging. Increasing carbon accumulation
by allowing forests to grow and reduce emissions from logging can be
considered “additional” if departing from future baseline or counterfac-
tual rates. Given recent projections showing significant increases in
timber demand and logging of U.S. forests, including MOG public
forests (USDA Forest Service, 2024c), increased protection of carbon
stocks that could be logged would contribute to a national target of net
zero emissions.

Potential increases in carbon stocks from greater protections can be
estimated by comparing the relevant carbon densities following an ap-
proach from some prior studies (Keith et al., 2014; Law et al., 2021);
however, since the density estimates represent averages among differ-
ent forest sites and types, a higher-resolution analysis would be needed
to better account for these differences and to make estimates for spe-
cific areas and forest types, including in relation to natural distur-
bances. Based on the estimated areas and carbon densities by owner-
ship and maturity class of our study (Table S3), and assuming that log-
ging would occur on unprotected lands in the future, the additional
benefit of stricter IRA protections would provide ~2.9B MgC saved
among all maturity classes on 13.6 M ha of IRAs. Similarly, if the Forest
Service were to protect 15.9 M ha of mature forests (excluding IRAs),
~3.5B MgC would be saved. By allowing all unprotected mature forests
(including IRAs) to attain old-growth status, they would accumulate an
additional 0.8B Mg of stored carbon over time, barring natural distur-
bances. On other public forests, initiating protection of 17.3 M ha of
mature forests would save ~3.4 billion Mg C while allowing them to at-
tain old growth status would accumulate an additional 0.2 Mg of stored
carbon over time, barring natural disturbances.

Importantly, the combined increase of protection and of additional
carbon stocks on Forest Service and other public lands totals 10.8B MgC
over the next few decades. The exact timeframe varies by region, forest
type, and disturbance factors. The increased protection and additional
carbon stocks are equivalent to about 8 years of the nation's annual CO,
emissions from burning fossil fuel as was also estimated in DellaSala et
al. (2022a, e.g., 9 %) for national forest protections only. Nearly 70 %
of this equivalency in our current study involves the National Forest
system.

Compared with public lands, the potential to increase old-growth
forests is much greater on private lands because there is more forest
area; however, this is less likely because much of the private forest land
is managed for other uses, including timber production and therefore
not likely to be protected without some substantial incentives (Tedesco
et al., 2023). Thus, public lands represent the best conservation oppor-
tunities to accrue carbon stock and restore old-growth ecosystems
(DellaSala et al., 2022a). In general, if our strategy to save carbon were
implemented, it would amount to global leadership in compliance with
the Paris Climate Agreement and Glasgow Leaders' Forest Pledge to end
forest losses.

Amending federal and state land management policies is typically
controversial, echoing past debates between environmental groups and
the forest products industry that are particularly contentious regarding
the benefits of old-growth forests and mature forests with large trees
(Law et al., 2018; Mildrexler et al., 2023). Larger trees are more valu-
able than smaller ones economically, but also have out-sized value as
carbon stores and bastions of long-term carbon accumulation (Buotte et
al., 2020, Lindenmayer and Laurance, 2016). Managing for other ser-
vices of forests that have public or administrative support may reduce C
stocks of MOG, such as creation of complex early successional forests
(Foster et al., 2023). Nonetheless, despite these conflicting objectives,
several peer-reviewed studies have concluded that leaving forests to
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grow without active management is the preferred approach if mitigat-
ing climate change is the principal goal (DellaSala et al., 2022a; Birdsey
et al., 2023a; Law et al., 2018; Moomaw et al., 2019) and doing so
would have co-benefits to biodiversity and ecosystem services (Brandt
et al., 2014; DellaSala et al., 2022a).

One common argument is that the threats from natural disturbances
indicate that active management is broadly needed to reduce the proba-
bility of severe disturbances (Hessberg et al., 2021). Yet in order to
achieve scale, many forms of active management have substantial eco-
logical costs (DellaSala et al., 2022b; Lindenmayer et al., 2025), would
increase emissions (Harris et al., 2016), and have reduced effectiveness
in a rapidly changing climate (DellaSala et al., 2022b). We examined
detailed Forest Service disturbance data from 1990 to 2011 to assess
the probability of fire and insect outbreaks, and the impact on carbon
stocks. There was great variability in occurrence and impacts on Na-
tional Forests by region. Nationwide, fire affected the greatest area of
National Forests, 2.7 M ha (4 % of total forest area cumulatively over
20 years), and insects affected 1.9 M ha (3 % of total forest area over
20 years). According to the most recent threat assessment by the USDA
Forest Service (2024c) covering the period 2000-2020, fire had signifi-
cant impacts on 1.3 M ha (2.4 % of area) and insects 0.9 M ha (1.6 % of
area). The two data sets used different methods so comparing the values
does not indicate a trend. Land management policies need to consider
the probability of natural disturbances in the future, and how distur-
bances affect carbon stocks over time. Following stand-replacing distur-
bances, most C transfers from live to dead pools and soils, and is re-
tained for decades on site if not logged (Harmon et al., 2020). Further-
more, wildfire severity is related to many factors including the level of
logging (Zald and Dunn, 2018), whereas old forests tend to burn with
lower severity (Lesmeister et al., 2019) as do protected areas (Bradley
et al., 2016).

According to Forest Service data for 1990-2011, logging had the
third greatest impact on forest area at 1.4 M ha (2 % of total forest area
cumulatively over 21 years) spread rather widely across the national
forests. In contrast, the most recent threat assessment indicated just
0.2 M ha of MOG was harvested annually in recent years (0.4 % of for-
est area). Although the area affected is smaller than that affected by
natural disturbances, the impacts of logging are greater on a per-
hectare basis (Bartowitz et al., 2022; Birdsey et al., 2019; Zhou et al.,
2013) and the decision to log or not is well within the realm of policy,
as opposed to active management to reduce the extent and severity of
natural disturbances that are increasingly difficult to contain due to cli-
mate forcings (DellaSala et al., 2022b). It is likely that the current low
rates of logging of public forests will not last, since Forest Service pro-
jections indicate rapidly increasing demand for timber in the next few
decades, including an increasing amount of MOG timber harvested on
national forests (USDA Forest Service, 2023a) that is tied to current ad-
ministrative policies. We also note that MOG losses from logging, while
lower on federal lands recently compared with previous decades, can-
not be directly compared to natural disturbances given major differ-
ences in effects on carbon stocks, carbon accrual rates, and biodiversity
(DellaSala et al., 2022b).

As a practical matter, simple management guidelines such as diame-
ter limits are more likely to be effectively applied in the field, and less
subject to having loopholes that result in unintended consequences
such as reduction in mature and old-growth forests through commercial
logging (Mildrexler et al., 2020). It is possible to devise guidelines that
take account of regional and forest type variability, derived from the
vast database of the nation's forest inventory (Birdsey et al., 2023b),
while allowing for some noncommercial removals for fire concerns.

Finally, it is notable that the majority of forest areas is classified as
mature. These areas are prime targets for providing multiple benefits of
forests that are different from the typical benefits from the youngest
and oldest maturity classes (Brandt et al., 2014). For example, provid-
ing timber for industrial wood products is common from privately
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owned mature forests, and in some regions, from mature forests under
public management. Old-growth forests are extremely rare compared
with their predominance in the distant past, and thus increasing protec-
tion of these unique ecosystems represents an urgent opportunity for
climate mitigation and adaptation. Young forests have not yet reached
their prime status for supplying high-value timber products, although
those with early successional structure generated by stand-replacing
natural disturbance have considerable habitat value for biodiversity
(Swanson et al., 2011). We conclude that mature (or middle-aged)
forests can provide benefits that are different from either the youngest
or oldest forests, not only for providing timber products but other valu-
able services as well. The large area of mature forest in private owner-
ship is suitable for multiple non-timber uses that could include protec-
tion as strategic carbon reserves. Land trusts do cover large areas of pri-
vate forestland and progress has been made in recent years to increase
protection of private forestlands for conservation (Burrows et al.,
2017). On federal lands, mature forests should be protected from log-
ging to restore old-growth ecosystems over time (DellaSala et al.,
2022a) even when they experience stand replacing disturbances given
the carbon and biodiversity benefits of complex early seral forests
(Swanson et al., 2011).

4.3. Data limitations

Our study is among the first to link remote-sensing based maps of
forest structure with ground-based forest inventory data. Merging these
two sources of data can facilitate analysis of carbon stocks and pro-
tected status at fine spatial scales, facilitating implementation of land
management practices that increase protection of critical forest carbon
stocks. Although our study produced useful results and demonstrated
some methods for carbon accounting, several limitations were revealed.

The most fundamental technical issue is that definitions of maturity
classes (young, mature, and old growth) used in our mapping approach
did not always line up with the USDA Forest Service MOG inventory
(Woodall et al., 2023). Maturity classifications used for our study are
consistently based on forest cover, tree height, and stand biomass. Each
of these variables was mapped independently and combined (see meth-
ods; DellaSala et al., 2022a) to define structural stages that were then
aggregated to the three standard maturity classes. In contrast, the FIA
classification varies by region and forest type, and uses stand age, maxi-
mum stand age, productivity, and various structural indicators. It is not
currently possible to replicate the FIA approach, and the FIA sample
plot database does not include the maturity classifications as a calcu-
lated condition of each sample plot. We used the structure-based matu-
rity classes in our spatially explicit study, but this means that our results
are not fully compatible with data produced by the Forest Service.

To test compatibility, we compared forest area estimates by matu-
rity class from our study with maturity estimates developed by the
USDA Forest Service. Our area estimates were nearly identical for the
mature forest class, but we underestimated the area of young forests
and over-estimated the area of old-growth forest, compared with the
Forest Service estimates. Some possible reasons as discussed in
DellaSala et al. (2022a) are emphasis on structural variables in the re-
mote sensing approach, versus emphasis on forest age and growth rates
in the inventory approach, which notably manifest for sparsely-forested
areas. Some estimation errors may be hidden if based on large numbers
of FIA plots that were classified by maturity class in the map overlay,
but nonetheless had plot characteristics such as total carbon stock
which are different than indicated by the map classification, which
could be the result of using fuzzed coordinates. Because of limitations
of remote sensing to monitor the same variables as defined by the For-
est Service, it would be very useful to develop new and consistent defin-
itions of maturity classes that could facilitate the harmonization of
satellite data with ground data.
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A related source of error is restrictions for accessing the exact FIA
plot locations. We devised a way to associate the individual FIA plots
(using the fuzzed locations) with nearby forests that presumably have
similar characteristics to the forests at the actual sampling locations.
But we could not guarantee a good match in all cases. The probability of
a good match would be greater in large contiguous areas of relatively
uniform forest conditions.

Our approach necessarily resulted in some error and bias in match-
ing plots with both maturity class and protected status, and lacking the
exact coordinates, we could not assess the magnitude of the error and
bias. Nonetheless, some comparisons with FIA data as well as the results
we obtained give confidence that our region-wide estimates are plausi-
ble. As shown in Table 1, we were able to associate >90 % of the FIA
plots with predominant maturity classes within the half-mile (0.8 km)
buffer surrounding the fuzzed plot location. The association reached >
99 % for Forest Service lands, likely because these plot locations are not
obscured like for other classes.

Despite these sources of incompatibility between our approach and
that of the Forest Service, our results seem plausible. Notably, the aver-
age carbon density increased as forests age, an expected pattern evident
for public owners but only partially evident for private owners, for
whom there is no difference in density between mature and old-growth
classes. Differences in carbon density reflect the inherent capacities for
carbon storage of the regional forest types and sites, on average, as well
as management and harvesting intensities that maintain lower carbon
stocks. As stated in results, there is no increase in carbon density be-
tween mature and old-growth forests on privately owned land nation-
ally. The national estimates are strongly influenced by old-growth esti-
mates for the North and South, likely reflecting the rarity of old-growth
forests in the East and their occurrence on lower productivity sites, as
well as greater uncertainty of density estimates for Eastern old-growth
because of lower numbers of sample plots (Birdsey et al., 2023a). The
eastern sites where remnants of old-growth can still be found are not
likely representative of the average forests of eastern regions because of
their isolation in inaccessible areas such as freshwater swamps and
high-elevation sites, and there may have been undocumented small-
scale disturbances to the old-growth stands that have affected their C
stocks (Fraver et al., 2009; Lichstein et al., 2009). Our estimates also
show that carbon density is consistently greater on National Forests
among all maturity classes, compared with other public forest land,
which in turn is greater on average than for private lands. Carbon densi-
ties by region show that they are greatest in the Pacific Coast region,
and lowest in the Rocky Mountains that had the highest area totals.
These are all expected results and indicate that our estimates of carbon
stocks within owner and maturity classes are at least plausible.

We also found some gaps in coverage by the maturity map and the
protected status map. That is, there were sample plots for which our
half-mile (0.8 km) buffer overlaid on the plots did not include any
mapped forest maturity classification or mapped protection status.
These gaps are evident in Table 1 and Fig. 2. Gaps in protection status
can reasonably be assumed to represent areas lacking protection or data
on protection status, and therefore were included with GAP status 4
(unprotected). These gaps are relatively small, do not seem to affect Na-
tional Forests, and in our case were treated separately from the
matched plots in order to include the complete carbon stock informa-
tion from the FIA database.

Finally, while our study points to the need to protect forests from
logging so that they can continue to accrue carbon, if we remain on the
current high emissions trajectory, carbon stock accrual rates will be
substantially reduced by projected increases in tree mortality (USDA
Forest Service, 2023a) across all ownerships.
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4.4. Research needs

The most important research needs for MOG involve improving the
integration of inventory and remote sensing approaches to classifying
and monitoring forest conditions over a changing climate. Each ap-
proach uses unique definitions and variables that are key to the classifi-
cation, but not commonly measurable among approaches. Development
of compatible definitions attuned to regions and forest types would help
to resolve discrepancies and facilitate integration of complementary ap-
proaches in long-term monitoring strategies such as reporting on forest
conditions in Global Forest Assessments. Because of limits about what
can be measured remotely, it is likely that any attempt to revise defini-
tions would involve focusing on structural variables such as tree height,
canopy cover, and coarse woody debris. Meanwhile, it would facilitate
analysis if the maturity classification of all inventory sample plots were
added to the inventory database so that researchers could adopt the
Forest Service classification scheme when querying the inventory data.
Notably, the Forest Service has proposed ongoing monitoring of old-
growth forests in their national old-growth amendment (USDA Forest
Service, 2024b), which our results would help inform. We suggest not
limiting monitoring to just old growth but, at a minimum, including
mature forests to determine recruitment rates for old growth, and track-
ing natural disturbances and logging as the climate shifts and timber
demand increases. Additionally, we recommended that the Forest Ser-
vice partner on monitoring needs with independent researchers in shar-
ing datasets that can be more precisely aligned for improved monitor-
ing estimates as noted in our study.

Future effects on mature and old-growth forests from natural distur-
bances (i.e., complex early seral forests) vs logging as a degradation
threat to these forests need to be more clearly characterized in order to
shape active or passive management approaches. Although historical
data indicate that threat levels are low or moderate in most of the con-
terminous U.S., trends in recent years show increasing impacts driven
by climate change (Domke et al., 2023), and projected increases in tim-
ber demand (USDA Forest Service, 2023a) are likely to cause greater
need to consider climate refugia provided by older forests (Lesmeister
et al., 2019) as part of climate mitigation and adaptation strategies, es-
pecially in regions most vulnerable to drought and wildfire.

From a land management perspective, it would be very useful to
have an agreed-upon definition of what constitutes a large tree. These
are often the focus of contentious debates about their best use, typically
in active management projects involving fuels reduction (Hessberg et
al., 2021). Clarification of tree size thresholds would reduce notable
collateral damages to ecosystems and carbon emissions from logging
given that many fuel reduction projects on federal lands remove large
trees to pay for the costs of thinning (DellaSala et al., 2022b).

Another topic of concern is that there are gaps in the maps of MOG
and protected status so that sample plots designated as forest by FIA do
not have corresponding mapped classifications. This is particularly true
with the protected area map which has large areas unclassified. The
MOG map had many fewer incidents of such gaps, which for our study
were gap-filled by a different structural classification method for inven-
tory plots by Stanke et al. (2020).

Because of the multiple values of forests, it is important to quantify
the co-benefits from increasing protection of MOG for climate mitiga-
tion, such as protecting biodiversity, clean water, and providing recre-
ation opportunities (Brandt et al., 2014). These co-effects give a more
holistic accounting of the multiple benefits and costs, and can help sup-
port policies that target natural climate solutions (Jackson and Baker,
2010; Smith et al., 2019). Nonetheless, restoring older forests can take
centuries compared to younger forests that are in the pioneering stages
of forest succession. However, in cases where old forests are reverting
to complex early seral due to stand-replacing natural disturbances their
protection levels should hold, which often is not the case on federal
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lands that follow natural disturbances with post-disturbance salvage
logging.

To inform policies, there is a need to identify private lands where
practicing forestry to provide wood products can address increasing
timber demand, while avoiding harvest of MOG from public lands more
suited for protection. The large areas of mature forest on private lands
having both significant carbon and timber stocks are likely to have ca-
pacity for supplying both needs, yet such an analysis has not yet been
attempted.

Finally, the concept of ecosystem integrity has not been operational-
ized in forest policy even though it was included in the 2012 national
forest rule change. However, by considering it in policies, ecosystem in-
tegrity can be used to identify “permanence risks” i.e., some forests are
more or less stable and resilient depending on their condition (Rogers et
al., 2022; Shestakova et al., 2022) and those with the least anthro-
pogenic disturbances (highest integrity) are considered most stable
(Funk et al., 2019). Ecosystem integrity can also be used to prioritize
biodiversity outcomes and other ecosystem services such as clean water
that society depends on. Ecosystem integrity should therefore be cen-
tral to global forest policy and forest-based market mechanisms. When
applied, measures of ecosystem integrity suggest primary forests (un-
logged forests of all age classes) should receive the highest protection
priority compared to other forest conditions (DellaSala et al., 2020;
Lindenmayer et al., 2025).

5. Conclusions

Our study estimated the area and carbon stock of conterminous U.S.
forests by maturity class: 71.9 M ha and 12.8B MgC in young forests;
156.5 M ha and 31.5B MgC in mature forests; and 35.3 M ha and 7.9B
MgC in old-growth forests. Most (84 %) of the current stock of carbon is
unprotected from logging. There are opportunities to increase protec-
tion of old-growth forests, and to allow mature to grow into old growth
over time. Stepped-up protection measures could increase forest carbon
stocks by 10.8B Mg during this century, comparable to 8 years of fossil
fuel emissions, which would help attain national goals to reach net zero
GHG emissions by 2050 and beyond. Additional research and monitor-
ing are needed to facilitate integration of forest inventory and remote
sensing to enable implementation of strategic policies at the level of for-
est management decisions and applications, especially regarding ma-
ture forests that comprise the largest area and carbon stocks among ma-
turity classes and large tree protection thresholds. Above all else, it is
essential and urgent to avoid commercial logging of MOG and large
trees, in order to protect this valuable carbon stock and associated
ecosystem benefits that cannot be replaced in the near term.
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