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Large-diameter trees store disproportionally massive amounts of carbon and are a major
driver of carbon cycle dynamics in forests worldwide. In the temperate forests of the
western United States, proposed changes to Forest Plans would significantly weaken
protections for a large portion of trees greater than 53 cm (21 inches) in diameter
(herein referred to as “large-diameter trees”) across 11.5 million acres (⇠4.7 million ha)
of National Forest lands. This study is among the first to report how carbon storage in
large trees and forest ecosystems would be affected by a proposed policy. We examined
the proportion of large-diameter trees on National Forest lands east of the Cascade
Mountains crest in Oregon and Washington, their contribution to overall aboveground
carbon (AGC) storage, and the potential reduction in carbon stocks resulting from
widespread harvest. We analyzed forest inventory data collected on 3,335 plots and
found that large trees play a major role in the accumulated carbon stock of these
forests. Tree AGC (kg) increases sharply with tree diameter at breast height (DBH;
cm) among five dominant tree species. Large trees accounted for 2.0 to 3.7% of all
stems (DBH � 1” or 2.54 cm) among five tree species; but held 33 to 46% of the
total AGC stored by each species. Pooled across the five dominant species, large trees
accounted for 3% of the 636,520 trees occurring on the inventory plots but stored 42%
of the total AGC. A recently proposed large-scale vegetation management project that
involved widespread harvest of large trees, mostly grand fir, would have removed ⇠44%
of the AGC stored in these large-diameter trees, and released a large amount of carbon
dioxide to the atmosphere. Given the urgency of keeping additional carbon out of the
atmosphere and continuing carbon accumulation from the atmosphere to protect the
climate system, it would be prudent to continue protecting ecosystems with large trees
for their carbon stores, and also for their co-benefits of habitat for biodiversity, resilience
to drought and fire, and microclimate buffering under future climate extremes.
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INTRODUCTION

Forest carbon accumulation is crucial for mitigating ongoing
climatic change, with individual large trees storing a substantial
portion of the overall carbon in living trees. Globally, forests
store about 862 Gt carbon in live and dead vegetation and soil,
with 42% of it stored in live biomass (above- and belowground;
Pan et al., 2011). Globally, forests removed the equivalent of
about 30% of fossil fuel emissions annually from 2009 to 2018
(Friedlingstein et al., 2019), and 44% of that was by temperate
forests. Temperate forests of the United States are the largest
category of land sinks in the country, consistently o�setting about
14% of the Nation’s CO2 emissions (EPA, 2020). Projections
indicate that ecological systems have significant additional
climate mitigation potential, with forest carbon accumulation
serving as a central component of a natural climate solutions
framework (Griscom et al., 2017; Fargione et al., 2018; Moomaw
et al., 2019; Cook-Patton et al., 2020).

Large-diameter trees constitute about half of the mature forest
biomass worldwide and are key to the ability of forests to
accumulate substantial amounts of carbon needed to mitigate
climate change (Luyssaert et al., 2008; Lutz et al., 2018).
Trees exceeding 60 cm (23.6 in) diameter at breast height
(DBH) comprise ⇠41% of the world’s aboveground live tree
biomass (Lutz et al., 2018). Furthermore, on average, 50% of
the live tree biomass carbon in all types of forests globally
is stored in the largest 1% of trees, but the value for the
United States is lower, ⇠30% in the largest 1% of trees due
to widespread historical logging of large trees (Lutz et al.,
2018). A single large tree can add the same amount of carbon
to the forest within a year as is contained in a single mid-
sized tree of the same species (Stephenson et al., 2014). The
relationship between large-diameter trees and overall forest
biomass suggests that forests cannot accumulate aboveground
carbon (AGC) to their ecological potential without large
trees (Lutz et al., 2018). Recognition of the importance of
large-diameter trees in determining global atmospheric carbon
stocks has led to management recommendations to conserve
existing large-diameter trees and those that will soon reach
large diameters (Lindenmayer et al., 2014; Lutz et al., 2018;
Moomaw et al., 2019).

In addition to comprising a substantial portion of forest
carbon storage and accumulation, large-diameter trees fulfill a
variety of unique ecological roles such as increasing drought-
tolerance, reducing flooding from intense precipitation events,
altering fire behavior, redistributing soil water, and acting as focal
centers of mycorrhizal communication and resource sharing
networks (Bull et al., 1997; Brooks et al., 2002; Brown et al.,
2004; Luyssaert et al., 2008; Beiler et al., 2015; Lindenmayer
and Laurance, 2017). In the United States Pacific Northwest
(PNW), carbon dense old growth forests bu�er against increasing
temperatures by creating microclimates that shelter understory
species from rising temperatures (Frey et al., 2016; Davis et al.,
2019a). Forests with large-diameter trees often have high tree
species richness, and a high proportion of critical habitat for
endangered vertebrate species, indicating a strong potential to
support biodiversity into the future and promote ecosystem

resilience to climate change (Lindenmayer et al., 2014; Buotte
et al., 2020).

In the PNW region of the United States a 21-inch (⇠53 cm)
diameter criteria (USDA Forest Service, 1995) was enacted
in 1994 to slow the loss of large, older trees and old forest
patches in national forests east of the Cascade Mountains crest
in Oregon and Washington. The forests under consideration
shall be referred to as “eastside forests” to be consistent with
United States Forest Service (USFS) terminology. In our study,
we refer to trees that equal or exceed this value to be “large-trees”
or “large-diameter trees.” Extensive studies determined that the
large tree component of old forest structure had decreased due
to human uses, and that sensitive wildlife species associated
with old growth forest such as the American Marten and the
Northern Goshawk were also in decline (Interior Columbia Basin
Ecosystem Management Project, 2000; Wisdom et al., 2000; Bull
et al., 2005; Greenwald et al., 2005). Site-specific exceptions have
allowed removal of some trees�21 inDBH.However, the 21-inch
rule has prevented large-scale harvest of trees �21 in DBH. For
example, the 2010 Snow Basin Vegetation Management Project
proposed harvesting over 43,000 trees �21 in DBH but was
stopped by litigation [League of Wilderness Defenders, et al.,
v. Connaughton, et al., No. 3:12-cv-02271-HZ (D. Or. Dec. 9,
2014)]. Recently restoration of these forests was claimed to be
inhibited by the 21-inch rule that protects large trees from logging
(Hessburg et al., 2020). The rationale for harvesting large trees is
premised upon the use of historical baselines of stand structure
and species composition as management targets, and assuming
that by removing large shade-tolerant species like grand fir and
Douglas-fir it will promote resilience to future drought and
disturbance (Johnston et al., 2018; Merschel et al., 2019; Hessburg
et al., 2020). However, ongoing climate change and many other
anthropogenic stressors such as habitat fragmentation, invasive
species, and declines in biodiversity, heighten concerns over use
of historical conditions asmanagement targets (Millar et al., 2007;
IPCC, 2018; Ripple et al., 2020). Proposed amendments to the
21-inch diameter limit would allow widespread harvesting of
the larger trees up to 30 in DBH (76.2 cm) across six National
Forests of eastern Oregon and southwestern Washington with
major implications for forest carbon dynamics and important
environmental co-benefits (Figure 1).

Carbon storage is an increasingly important management
objective for National Forest Lands in the United States (Depro
et al., 2008; Dilling et al., 2013; Dugan et al., 2017). USFS Forest
Inventory and Analysis (FIA) data have been used to develop
baseline stocks and trends of forest carbon for every region and
individual National Forest, including assessment of the main
disturbance, management, and environmental factors that drive
changes (Birdsey et al., 2019). Western United States forests
show considerable potential to accumulate additional carbon
over the coming century, especially forests within the PNW that
are projected to have relatively low to moderate vulnerability to
future drought and fire (Figure 1; Buotte et al., 2020). Strategies
to mitigate climate change e�ects on forests require careful
examination of the tradeo�s of proposed forestry practices on
forest carbon stock accumulation, water cycling, and additional
environmental co-benefits of forests, such as biodiversity and
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FIGURE 1 | Locations of the six national forests in eastern Oregon, southeastern Washington, and western Idaho, and the proposed Snow Basin Project area (A).
The forest carbon conservation priority rank is shown for the national forests and (B) for the broader western United States. The forest carbon conservation priority
rank is from Buotte et al. (2020) and was derived from simulations of potential forest carbon sequestration and vulnerability to drought and fire over the 21st century.
Forest extent is from Ruefenacht et al. (2008).

microclimatic bu�ering (McKinley et al., 2011; Law et al., 2018;
Sheil, 2018; Buotte et al., 2020).

The potential e�ects of changing the 21-inch rule on carbon
storage of eastside forests have not been adequately considered.
Proposed changes to the management of large trees should be
carefully assessed prior to adoption of new rules given that
forest carbon storage is critically important in the context of a
warming climate, and that large trees disproportionately store
more accumulated carbon, keeping it out of the atmosphere.
The objective of this study is to evaluate the potential impact of
removal of the 21-inch rule on forest carbon stocks and carbon
stock accumulation in eastside forests (Figure 1). We examine
the relationship between tree DBH and AGC storage at tree to
population scales for selected dominant tree species in eastside
forests, focusing on the following questions:

1. How does AGC storage change with tree diameter among
the dominant eastside tree species?

2. How common are large trees across the eastside forests by
species and what proportion of each species total AGC do
they account for?

3. What are the potential consequences on carbon stores
of widespread removal of large trees in eastside forest
restoration projects?

MATERIALS AND METHODS

Study Area
Our study area included the six national forests in eastern
Oregon, two of which extend slightly into southwestern
Washington and western Idaho (Figure 1). Located within the
East Cascades and Blue Mountains ecoregions, these national
forests together cover approximately 11.5 million acres (4.7
million ha) of complex mountainous terrain, characterized by a
broad range of environmental gradients in climate regimes and
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TABLE 1 | Summary of forest inventory data and climate conditions for the six National Forests included in the analysis.

National forest Forest inventory Climate conditions

N. Plots DBH (cm) AGC (kg) Annual precipitation (mm) Temperature (�C)

Annual Jan. July

Deschutes 474 16 (187) 131 (11359) 817 (170) 6.1 (0.6) �1.5 (1.9) 16.1 (1.8)

Fremont-Winema 740 17 (204) 145 (14269) 681 (156) 6.3 (0.6) �1.4 (1.9) 16.6 (1.8)

Malheur 687 15 (145) 108 (8392) 571 (104) 5.9 (0.7) �2.9 (2.0) 17.2 (2.1)

Ochoco 253 16 (188) 119 (13462) 484 (101) 7.1 (0.6) �1.0 (1.9) 17.6 (1.9)

Umatilla 487 14 (139) 99 (8759) 802 (121) 6.8 (0.7) �1.5 (1.8) 17.5 (2.0)

Wallowa-Whitman 694 13 (164) 91 (8301) 792 (119) 6.0 (0.7) �3.0 (1.8) 17.3 (2.1)

Forest inventory data were from the USFS Forest Inventory and Analysis program for the period 2000 to 2018. The variables include number of inventory plots and the
average (max) diameter at breast height (DBH) and aboveground carbon (AGC) of trees on inventory plots. Average (±1 SD) climate conditions were based on the 40-year
period from 1981 to 2019 and derived from 4-km resolution gridded PRISM data (Daly et al., 2008).

associated forest types (Johnson and Clausnitzer, 1992; Peterson
and Waring, 1994; Berner and Law, 2015). The Blue Mountains
ecoregion functions ecologically and floristically as a transverse
bridge between the CascadeMountains to the west and the Rocky
Mountains to the east (Kerns et al., 2017). This “mega-corridor”
links together some of the most intact habitat remaining in
the PNW region and is of great importance to regional-scale
connectivity and carbon storage in response to a warming climate
(McGuire et al., 2016; Buotte et al., 2020).

Climatic conditions from 1981 to 2019 were similar
across National Forests with regard to January and July
average temperatures but show substantial variation in annual
precipitation (Table 1). The Deschutes and Fremont-Winema
National Forests are in the eastern Cascade Mountains and
thus receive relatively high annual precipitation (817 mm and
681 mm) due to orographic uplift. National Forests in the
southwestern BlueMountains receive less precipitation (Malheur,
571 mm; Ochoco, 484 mm) due to their location within the
rainshadow of the Cascade Mountains. In the northeastern
portion of our study area annual precipitation increases to
802 mm and 792 mm, respectively, for the Umatilla andWallowa
Whitman National Forests due to the intrusion of moisture-
laden air masses through the Columbia River Gorge. The region’s
complex precipitation patterns are similarly reflected in the
distribution of forest types and biophysical characteristics.

Forest Inventory and Analysis Dataset
We relied on forest inventory measurements from the USFS FIA
program and our own selection of biomass equations to evaluate
relationships between tree diameter and AGC storage, as well as
assess potential e�ects of tree removal proposed as part of the
2010 Snow Basin project. The FIA conducts systematic forest
inventories across the United States, with one field sampling
plot for every ⇠2,400 hectares (6,000 acres) of forest (O’Connell
et al., 2017). In the western United States, the FIA surveys 10%
of sampling plots each year, meaning that each sampling plot is
revisited every 10 years. At each sampling plot, field crews collect
data on tree species, tree size, and other forest attributes. These
inventory data are available online through the FIA DataMart1.

1https://apps.fs.usda.gov/fia/datamart/

We downloaded the latest FIA data (FIADB_1.8.0.02) for
Oregon, Washington, and Idaho, and then identified inventory
plots that occurred within the six national forests based on a
spatial overlay with national forest boundaries (n = 3,973 plots).
Tomaintain landowner privacy the FIA plot coordinates available
to the public are slightly altered (“fuzzed”), thus our spatial
overlaymay include some plots just outside the national forests or
miss some plots that occur around the edges of these forests. We
selected the latest inventory measurements from each surveyed
plot for the years 2010 to 2018 (the most recent year available).
We filtered these data to include only live trees of the five
tree species of interest. A total of 54,651 individual trees were
measured on the microplots, subplots, and macroplots, which
represented 636,520 trees after applying the expansion factors
for each type of plot. Overall, we used data from 3,335 plots
in this analysis. A summary of FIA plot conditions within our
study area shows that relatively small variations in average DBH
across National Forests, between 13 cm and 17 cm, translate into
substantial di�erences in AGC (Table 1). The Fremont Winema
National Forest had the largest average DBH (⇠17 cm) and the
largest average AGC stores (⇠145 kg), whereas the Wallowa-
Whitman had the smallest average DBH (⇠13 cm) and the
smallest average AGC stores (⇠91 kg).

We performed the analysis using the statistical software R
(v. 3.6.1; R Core Team, 2020) with add-on packages including
data.table (Dawle and Srinivasan, 2019), ggplot2 (Wickham,
2016), maptools (Bivand and Lewin-Koh, 2019), raster (Hijmans,
2019), and rgdal (Bivand et al., 2019).

Estimating Tree Aboveground Carbon
Storage
We estimated AGC storage (AGC; kg C) for each tree on the
FIA inventory plots using tree biometric measurements from FIA
along with species- and component-specific biomass allometric
models and traits (Supplementary Tables 1, 2). Using species-
specific allometric models that include height measurements are
essential to capture climate and site e�ects on taper and height
(volume), and reduce uncertainty compared to estimates that
are diameter-based and generalized models. For example, Van
Tuyl et al. (2005) found that generalized models underestimated
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biomass by 50% on the eastside. Specifically, for each tree we
estimated AGC as the sum of carbon stored in stem, branch,
bark, and foliage biomass. To estimate stem biomass, we first
derived stem volume using species-specific allometric models
that incorporated tree diameter and height (Cochran, 1985;
Supplementary Table 1). We then converted stem volume to
biomass using published information on the wood density of each
species, which we found was important to reducing uncertainty
in estimates (Van Tuyl et al., 2005; Ross, 2010; Berner and Law,
2015). We also estimated branch, bark, and foliage biomass
using species-specific allometric models, substituting equations
for similar species where necessary (Gholz et al., 1979; Means
et al., 1994; Jenkins et al., 2004). We assumed dry stem, branch,
and bark biomass was 47.6 to 52.5% carbon depending on species
(Lamlom and Savidge, 2003) and that dry foliage biomass was
46.1 to 51.4% carbon depending on species (Berner and Law,
2016). For trees smaller than 10 cm DBH, total aboveground
biomass was estimated from tree height and then converted to
AGC assuming wood carbon content.

Tree-Level Analysis of Relationship
Between Tree Diameter and
Aboveground Carbon
To better understand how carbon storage varies with tree size in
eastside forests, we examined relationships between tree diameter
(DBH; cm) and aboveground carbon (AGC; kg) among trees
sampled on the FIA plots. Specifically, we rounded the DBH
of each tree to the nearest centimeter and then computed the
average AGC of trees within each 1-cm size class. To account
for sampling uncertainty, we repeatedly computed these metrics
using a resampling approach where each draw (n = 104) utilized
data from a random 25% of inventory plots sampled with
replacement. We computed the median across these 104 draws
as our best-estimate of these metrics and also derived 95%
confidence intervals.

Population-Level Analysis of Tree
Diameter and Aboveground Carbon
We evaluated how the cumulative percentage of tree stems and
AGC varied with tree diameter across the six national forests of
our study area using forest inventories. This involved quantifying
the cumulative percentage of tree stems and total AGC by DBH
for each tree species, as well as pooled across tree species.
To account for sampling uncertainty, we again implement a
resampling approach (n = 104 draws).

Snow Basin Case Study: Carbon
Consequences of Proposed Large Tree
Removal
To estimate the carbon consequences of large tree removal
we utilized USFS National Environmental Policy Act (NEPA)
documentation from the Snow Basin Vegetation Management
Project located on the Wallowa-Whitman National Forest,
Whitman Ranger District, Baker County, Oregon (Figure 1). The
project area includes 10,721 ha (26,493 acres) of National Forest
land and primarily encompasses two main subwatersheds (Paddy

Creek-Eagle Creek and Little Eagle Creek). Elevations within the
project area range from approximately 1,340 m (4,400 feet) on
the southern boundary to approximately 1,980 m (6,500 feet)
at the northern boundary near the border with the Eagle Cap
Wilderness. The USFS’s preferred alternative plan was to remove
over 43,000 large trees (DBH� 21 in or 53.3 cm) from the project
area. The large tree removal was prevented by litigation, but the
project nonetheless provides a realistic framework to evaluate
the carbon cost of large tree removal associated with dry forest
landscape-scale restoration projects.

The Snow Basin NEPA document estimated the number
of large trees to be removed or retained per acre by
biophysical environment (Snow Basin DEIS). The USFS’s
preferred alternative proposed removal of grand fir from
cool/moist and warm/dry grand fir biophysical environments,
as well as removal of ponderosa pine, Douglas-fir, and western
larch from mixed ponderosa pine and Douglas-fir biophysical
environments (Table 2). Based on this information we computed
the total number of large trees proposed for removal vs. retention
across the project area by biophysical environment. To evaluate
the potential carbon consequences of large tree removal, it was
necessary to know tree size class distribution. The FIA only
surveyed 13 plots in the Snow Basin project area between 2010
and 2018, of which 12 plots included large trees. After an initial
analysis, we deemed this inadequate for rigorous assessment of
tree size class distribution and therefore used tree measurements
from all FIA plots in the Wallowa-Whitman National Forest
that included large trees for the species of interest (n = 217
plots). To estimate the size class distribution of large trees, we
computed the fraction of large trees that occurred at 0.1 cm DBH
intervals between 53.3 cm and the largest observed DBH for
grand fir, and after combining ponderosa pine, Douglas-fir, and
western larch into a mixed-species group. For each biophysical
environment, we then distributed the large trees proposed for
removal or retention among these size classes in proportion to the
occurrence of trees in each size class. Lastly, we estimated the total
large tree AGC that would be removed or retained by multiplying
the number of trees in each size class by the mean AGC of trees
in that size class and then summing AGC across size classes.
To account for sampling uncertainty, we again computed these
metrics using a resampling approach where each of 104 draws
utilized data from a random 25% of inventory plots sampled with
replacement. As before, we computed themedian across these 104
draws as our best-estimate and derived 95% confidence intervals.
For verification, we also performed this assessment using only
FIA plots in the Snow Basin Project area rather than across the
Wallowa-Whitman National Forest and present these findings in
the Supplementary Material.

RESULTS

Relationships Between Tree Diameter
and Aboveground Carbon
Average tree aboveground carbon (AGC; kg) rapidly increased
with tree diameter at breast height (DBH; cm) among dominant
tree species measured on USFS inventory plots located in the
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TABLE 2 | The total number of trees �21 in DBH proposed for removal and retention across the Snow Basin project area as reported in the NEPA plan prepared by the
USFS (Table 53 of Snow Basin Vegetation Management Project DEIS, 2011).

Biophysical
environment

Acres treated Species
removed

Mean number of large trees per acre Total number of large trees

Removed Retained Removed Retained

Cool/moist grand fir 973 Grand fir 5 9 4,865 8,757

Warm/dry grand fir 5,262 Grand fir 5 5 26,310 26,310

Warm/dry
Douglas-fir and
ponderosa pine
Warm/moist
Douglas-fir

6,136 Douglas-fir,
ponderosa

pine, western
larch

2 3 12,272 18,408

Grand total 12,371 – – – 43,447 53,475

FIGURE 2 | Average tree aboveground carbon (AGC; kg) increases sharply with tree diameter at breast height (DBH; cm) for five dominant tree species measured on
USFS inventory plots located in the six eastside national forests. The 21-inch (53.3 cm) DBH limit of the Eastside Screens (vertical dash line) is shown for reference.
Tree AGC (�10 cm DBH) was estimated from tree diameter and height using regional species-specific allometric equations, wood density, and carbon content.
Similarly, sapling AGC (DBH = 3–9.9 cm) was estimated from sapling height using regional species-specific allometry and wood carbon content. These estimates
and 95% confidence intervals were derived by resampling (n = 104) measurements from inventory plots (n = 3,335). For visual clarity, the tree diameter limit for each
species excludes the largest 0.5% of trees, generally those larger than 80 to 88 cm DBH.

six eastside national forests (Figure 2). For instance, an average
25 cm (⇠10”) diameter tree stored 90–121 kg of AGC depending
on tree species, while a 50 cm (⇠20”) diameter tree stored
541–683 kg of AGC. Thus, doubling tree diameter over this
range led to a 5.3–6.2-fold increase in AGC. Similarly, tripling
tree diameter from 25 cm to 75 cm led to a 13.8–18.2-fold
increase in AGC, with the largest increase observed for ponderosa
pine. For any given diameter, ponderosa pine, Douglas-fir and
western larch tended to store more AGC than an Engelmann
spruce or grand fir.

These results clearly showed that for large trees, a small
increase in diameter corresponds to a massive increase in
additional carbon storage relative to a small tree increasing
by the same diameter increment. Overall, as trees grow larger,

each additional centimeter of stem diameter corresponds with a
progressively larger increase in tree carbon storage.

Tree Diameter and Aboveground Carbon
Storage Within Tree Populations
Large trees (DBH � 21 in or 53.3 cm) accounted for a
small percentage of each species’ tree stems, but a substantial
percentage of the total AGC stored by each species on FIA
inventory plots located in the six eastside national forests
(Figure 3 and Table 3). Specifically, large trees accounted for
⇠2.0 to ⇠3.7% of all stems (DBH � 1” or 2.54 cm) among the
five dominant tree species; however, these trees held ⇠33.3 to
⇠45.8% of the total AGC stored by each species (Table 3). Grand
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FIGURE 3 | Percentage of (A) all tree stems and (B) total aboveground carbon that occur in trees above a given diameter threshold by species based on
measurements from USFS inventory plots located in the six eastside national forests. The dashed vertical lines represent a 21 in (53.3 cm) tree DBH. These
estimates and 95% confidence intervals were derived by resampling (n = 104) measurements from inventory plots (n = 3,335). For example, trees with �21 in
diameter represent 3.7 [3.2, 4.2]% of all ponderosa pine and account for 45.8 [42.8, 48.8]% of all aboveground carbon stored by this species on these inventory
plots. Only ⇠0.002% of trees exceeded 150 cm diameter, so for visual clarity we limited the x-axis to 150 cm.

TABLE 3 | Percentage of all trees stems and total aboveground carbon (AGC) occurring in trees above and below the 21 in DBH threshold based on measurements
from USFS inventory plots located in the six eastside national forests.

Common name Number of trees in the population % of total species stems in trees. . . % of total species AGC in trees. . .

<21 in �21 in <21 in �21 in

Douglas-fir 100021 96.3 [95.4, 97.1] 3.7 [2.9, 4.6] 62.5 [58.2, 66.7] 37.5 [33.3, 41.8]

Engelmann spruce 31375 97.6 [96.0, 98.6] 2.4 [1.4, 4.0] 65.3 [54.6, 75.5] 34.7 [24.5, 45.4]

Grand fir 187445 98.0 [97.5, 98.5] 2.0 [1.5, 2.5] 61.6 [57.0, 66.2] 38.4 [33.8, 43.0]

Ponderosa pine 286970 96.3 [95.8, 96.8] 3.7 [3.2, 4.2] 54.2 [51.2, 57.2] 45.8 [42.8, 48.8]

Western larch 30708 97.2 [95.5, 98.4] 2.8 [1.6, 4.5] 66.7 [58.4, 74.8] 33.3 [25.2, 41.6]

Overall 636520 96.9 [96.6, 97.3] 3.1 [2.7, 3.4] 57.8 [55.7, 60.0] 42.2 [40.0, 44.3]

Live trees were measured on 3,335 plots surveyed between 2010 and 2018. The estimates and 95% confidence intervals below were derived by resampling bootstrap
sampling. Each bootstrap sample (n = 104) utilized measurements from 25% of inventory plots selected at random.

fir had the lowest percentage of stems �21 in DBH (⇠2.0%),
while ponderosa pine and Douglas-fir had the highest percentage
of stems exceeding this threshold (both ⇠3.7%). However, large
grand fir trees accounted for 38.4% of total species AGC, whereas
large Douglas-fir accounted for 37.5% of total species AGC.
Western larch had the lowest percentage of total species AGC in
trees �21 in (⇠33.3%), whereas ponderosa pine had the highest
percentage (⇠45.8%).

Pooling across the five dominant species, large trees accounted
for ⇠3.1% of the 636,520 trees occurring on the inventory plots,
but stored ⇠42.2% of the total AGC. Similarly, based on the
FIA’s CRM method, the five tree species together accounted for
44.9% of total AGC, with species-specific AGC stores ranging
from ⇠36.5 to ⇠49.3% of the total stored by each species
(Supplementary Table 3 and Supplementary Figure 1).

A similar examination for trees >30 in DBH (76.2 cm)
showed that among the five species, trees larger than 30 in DBH
accounted for 0.4–0.9% of stems, but held ⇠9.0 to ⇠19.0% of
each species AGC (Table 4). Ponderosa pine had the highest
percentage of stems >30 in DBH (⇠0.9%) and accounted for

the highest percentage of AGC (⇠19.4%) among the five species.
Douglas-fir had ⇠0.6% of stems >30 in DBH, and these stems
held ⇠12.9% of total species AGC. Engelmann Spruce, grand
fir, and western larch each had ⇠0.4% stems >30 in DBH, and
accounted for ⇠10.3, ⇠14.0, and ⇠9.2% of each species total
AGC, respectively. Overall, trees >30 in DBH represent 0.6% of
stems on inventory plots, but stored 16.6% of the total AGC.

Snow Basin Case Study: Carbon
Consequences of Proposed Large Tree
Removal
As per the USFS NEPA documentation, the Snow Basin project
preferred alternative would have removed ⇠43,447 large trees
(DBH � 21 in or 53.3 cm) across 12,371 acres, while retaining
⇠53,475 large trees over this area (Table 2). We estimate this
would translate into removing ⇠131.3 Gg AGC stored in large
trees, while retaining⇠164.1 Gg AGC in large trees (1 Gg = 109 g;
Table 5). Grand fir from cool-moist and warm-dry environments
would together comprise ⇠67% (⇠87.3 Gg C) of large tree AGC
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TABLE 4 | Percentage of all tree stems and total aboveground carbon (AGC) occurring in trees above and below the 30 in diameter threshold based on measurements
from USFS inventory plots located in the six eastside national forests.

Common name Number of trees in the population % of total species stems in trees. . . % of total species AGC in trees. . .

<30 in >30 in <30 in >30 in

Douglas-fir 100021 99.4 [99.2, 99.5] 0.6 [0.5, 0.8] 87.1 [83.7, 90.2] 12.9 [9.8, 16.3]

Engelmann spruce 31375 99.6 [99.2, 99.9] 0.4 [0.1, 0.8] 89.7 [82.7, 95.7] 10.3 [4.3, 17.3]

Grand fir 187445 99.6 [99.5, 99.7] 0.4 [0.3, 0.5] 86.0 [82.3, 89.3] 14.0 [10.7, 17.7]

Ponderosa pine 286970 99.1 [99.0, 99.3] 0.9 [0.7, 1.0] 80.6 [78.3, 82.7] 19.4 [17.3, 21.7]

Western larch 30708 99.6 [99.3, 99.8] 0.4 [0.2, 0.7] 90.8 [86.2, 94.8] 9.2 [5.2, 13.8]

Overall 636520 99.4 [99.3, 99.4] 0.6 [0.6, 0.7] 83.4 [81.8, 85.0] 16.6 [15.0, 18.2]

Tree AGC was derived using the FIA’s Component Ratio Method. Live trees were measured on 3,335 plots surveyed between 2010 and 2018. The estimates and
95% confidence intervals below were derived by resampling bootstrap sampling. Each bootstrap sample (n = 104) utilized measurements from 25% of inventory plots
selected at random.

TABLE 5 | Removal and retention of aboveground carbon (AGC) in large trees (DBH � 21 in) within the proposed Snow Basin project area.

Common name Env. Total AGC in large trees (Gg C)... % of large tree AGC...

Removed Retained Removed Retained

Grand fir Cool moist 13.6 [12.0, 15.3] 24.5 [21.6, 27.5] 35.7 [35.7, 35.7] 64.3 [64.3, 64.3]

Grand fir Warm dry 73.7 [65.0, 82.5] 73.7 [65.0, 82.5] 50.0 [50.0, 50.0] 50.0 [50.0, 50.0]

Douglas-fir + ponderosa pine + western larch Warm dry or moist 43.8 [40.5, 47.3] 65.7 [60.8, 71.0] 40.0 [40.0, 40.0] 60.0 [60.0, 60.0]

Overall – 131.3 [120.8, 141.5] 164.1 [151.8, 176.2] 44.4 [44.2, 44.7] 55.6 [55.3, 55.8]

Estimates of total AGC are given in gigagrams of carbon (1 Gg = 109 g). Values in brackets denote 95% confidence intervals derived by resampling (n = 104) inventory
plots used to determine tree size class distributions.

removed by the project, while ponderosa pine, Douglas-fir, and
western larch from warm-dry and warm-moist environments
would comprise the remaining ⇠33% (⇠43.8 Gg C). The project
would have the largest relative and absolute impact on grand fir
occurring in warm-dry environments, where 50% (⇠73.7 Gg C)
of large tree AGC would be removed. We obtained similar results
albeit with substantially wider confidence intervals using only
FIA inventory plots occurring in the Snow Basin project area
(Supplementary Table 4).

DISCUSSION

Our study reveals the large carbon stocks associated with large-
diameter trees in the region, and the potential for significant
losses in AGC with large tree logging. The 21-inch rule was
initially conceived to protect remaining late successional and
old-growth forest and the native species that depend on these
unique ecosystems for survival in forests east of the Cascades
Crest in Oregon and Washington (Henjum et al., 1994). The
carbon storage associated with the 21-inch rule on the six
national forests is a significant co-benefit of this protective
measure. Large trees (DBH � 21 in or 53.3 cm) constitute
⇠3% of the total stems, but store ⇠42% (⇠45% with CRM;
Supplementary Table 3) of the AGC across the six eastside
forests (Table 3). This finding highlights the important role of
large trees in storing carbon in eastside forest ecosystems, and
is consistent with previous findings on the disproportionately
important role of large trees in the forest carbon cycle (Hudiburg

et al., 2009; Lutz et al., 2012, 2018; Stephenson et al., 2014). The
sharp increase in carbon storage with increasing tree diameter
(Figure 2) speaks to the importance of preserving mature and
old large trees to keep this carbon stored in the forest ecosystem
where it remains for centuries (Law et al., 2018; Lutz et al.,
2018). Once trees attain large stature, each additional DBH
increment results in a significant addition to the tree’s total
carbon stores, whereas small-diameter trees must e�ectively
ramp up to size before the relationship between DBH and AGC
results in significant carbon gains. Harvest of large-diameter
trees, even focused on a specific species (e.g., grand fir) can
remove upward of 50% of the large tree AGC from these
ecosystems (Table 5).

There are substantial di�erences in wood density among the
species examined that contributes to the observed di�erences
in AGC at a given DBH. Wood density tends to be higher for
ponderosa pine (⇠0.45 g cm3), Douglas-fir (⇠0.52 g cm3), and
western larch (⇠0.56 g cm3) than for Engelmann spruce (⇠0.37 g
cm3) or grand fir (⇠0.40 g cm3; Supplementary Table 2). An
evaluation of the relationship between tree height and diameter
suggests the observed di�erences in AGC are not driven by
ponderosa pine, Douglas-fir and western larch tending to be taller
at a given DBH than Engelmann spruce or grand fir. Although
stem decay is common in mature and old grand fir, a synthesis
shows no evidence of carbon consequences of heart rot in grand
fir (Harmon et al., 2008). While we could not estimate heart rot
loss in grand fir due to lack of su�cient data, heart rot respiration
has been estimated for another species and it had a scant
contribution to ecosystem respiration (Harmon et al., 2004).
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Forestry practices exert significant controls on stand structure
and forest carbon dynamics, and alterations of harvest practices
can substantially alter carbon storage and accumulation (Masek
et al., 2011; Turner et al., 2011; Krankina et al., 2012; Kauppi et al.,
2015; Law et al., 2018). Generally, there is a negative relationship
between harvest intensity and forest carbon stocks whereby as
harvest intensity increases, forest carbon stocks decrease while
emissions increase (Hudiburg et al., 2009; Mitchell et al., 2009;
Simard et al., 2020). It can take centuries to reaccumulate
forest carbon stocks reduced by harvest (Birdsey et al., 2006;
McKinley et al., 2011). It would take 180 to 310 years to reach
maximum biomass in the Blue Mountains and East Cascades,
respectively, after harvest of the large trees (Hudiburg et al.,
2009), too long to help reach climate mitigation targets in the
next few decades. The amount of harvested carbon that remains
stored in wood products is insu�cient to o�set the loss of
carbon stored in the forest. If harvested, life cycle assessment
shows that 65% of the wood harvested in Oregon over the
past 115 years has been emitted to the atmosphere, 16% is in
landfills and only 19% remains in wood products (Hudiburg
et al., 2019). Thus, harvesting the large trees will increase,
not decrease emissions and end centuries of long-term carbon
storage in the forests.

The 21-inch rule has preserved the trees that store and
accumulate a disproportionately large amount of carbon in these
forests (Figure 3 and Table 3). Of the ⇠3% of tree stems over
21 in DBH in the study area, about 81% of these are between
21 in and 30 in DBH and account for ⇠61% of the AGC in all
large trees (Supplementary Figure 2). Trees over 30 inches DBH
account for ⇠19% of the large tree stems and hold ⇠39% of AGC
in large trees. These findings are similar to those reported by
Stephenson et al. (2014) and emphasize the relative importance
of the sub-30 in DBH large trees in the study area, and the value
in allowing these trees to continue growing and replenish the
stock of trees over 30 inches DBH that are rare on the landscape.
This proforestation strategy is among the most rapid means for
accumulating additional quantities of carbon in forests and out
of the atmosphere (Moomaw et al., 2019).

The importance of forest carbon storage is now greatly
amplified by a warming climate that must urgently be addressed
with reductions in greenhouse gasses and natural climate
solutions (IPCC, 2018; Ripple et al., 2020). The preponderance
of forests in our study area have medium to high carbon
accumulation potential and low future climatic vulnerability
(Figure 1), which reinforces the value of protecting large trees
to help abate our current trajectory toward massive global change
(Fargione et al., 2018; Buotte et al., 2020). Rather than holding
ecosystems to an idealized conception of the past using historical
conditions as management targets, a good understanding of the
environmental co-benefits associated with large tree protection is
needed to inform management strategies that contribute toward
solving humanity’s most pressing Earth system challenges (Millar
et al., 2007; Rockström et al., 2009; Barnosky et al., 2017; Ripple
et al., 2020). Replacing large diameter trees with seedlings will
create a major carbon loss to the atmosphere during harvest
(Harris et al., 2016) and not achieve storage of comparable
atmospheric carbon for the indefinite future.

Large grand fir trees (DBH � 21 in or 53.3 cm) accounted
for the lowest proportion of tree stems for the five species
we evaluated (2%), possibly reflecting the ingrowth of young,
small grand fir within portions of our study area (Merschel
et al., 2014; Johnston et al., 2016). One of the main premises
for the proposed removals of large-diameter grand fir trees
is that they have increased over historic levels, especially in
drier biophysical environments. However, our data does not
indicate an uncharacteristic abundance of large grand fir trees
across these forests. Given the recent history of high-grade
logging that focused on large and old trees (Henjum et al., 1994;
Rainville et al., 2008), historical abundances of large trees were
much greater than today (Wales et al., 2007; Hagmann et al.,
2013; Kauppi et al., 2015), and thus would have represented a
larger fraction of aboveground biomass than currently found
on these forests.

Interestingly, with respect to the overall representation of
species abundance based on inventory plots (Table 3), the
population of grand fir with 187,445 stems is a distant second
to ponderosa pine with 286,970 stems, followed by Douglas-fir
(100,021 stems), Engelmann spruce (31,375 stems), and western
larch (30,708 stems). To the extent that current forest stand
structure is skewed toward smaller diameter classes, ponderosa
pine, grand fir, and Douglas-fir trees are notable for the number
of trees on inventory plots.

It is important to note that a diameter limit that emphasized
protection of carbon stores would ideally protect trees starting
at a lower DBH limit (⇠12–15 inches). The 21-inch rule has
provided significant leeway for fuels reduction and ecological
restoration toward historical baselines to proceed in eastside
forests. Ecological restoration treatments generally recommend
giving protection to large and old trees, while reducing surface
and ladder fuels, and accompanied by understory thinning
treatments where appropriate and reintroduction of low-
intensity fire at intervals (Allen et al., 2002; Brown et al.,
2004; Agee and Skinner, 2005; Noss et al., 2006). From a
forest carbon perspective, it would be prudent to restore an
appropriate number of the approximately 97% of tree stems
<21 inches DBH to replenish the stock of large trees over time
(Lutz et al., 2018; Moomaw et al., 2019), while continuing to
protect large trees for their carbon stores and the myriad other
benefits that they provide. This approach would achieve the
benefits of proforestation in the larger, most fire-resistant trees
and reduction of fuel loads and stem density in the smaller
diameter tree stems.

The Snow Basin project provides a case study for how
amending the 21-inch rule to allow logging large trees could
change management across the six eastside National Forests.
Overall the Snow Basin project would have removed 44%
or 131,000 metric tons of carbon stored in large trees. This
is equivalent to ⇠0.75% of annual Oregon statewide carbon
emissions, and this does not include carbon in tree roots or the
AGC losses due to the removal of trees <21 in DBH. Removing
nearly half of the carbon content from the large trees over
12,000 acres would create a carbon deficit in the live, dead,
and soil carbon pools that will persist for many decades to the
end of the century. However, left standing, these 43,445 large
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trees continue to grow, sequestering more carbon into long-term
stores (Stephenson et al., 2014; Law et al., 2018; Domke et al.,
2020). Older trees (⇠100 years) are the next generation of old
growth and already possess qualities associated with large, old
trees, such as large canopies, deep root systems, and thick, fire-
resistant bark.

Co-Benefits of Carbon, Habitat,
Biodiversity, Water Availability,
Resilience to Climate Extremes
High carbon conservation-priority forests support important
components of biodiversity and are associated with increased
water availability (McKinley et al., 2011; Perry and Jones, 2016;
Berner et al., 2017; Law et al., 2018; Buotte et al., 2020).
Large-diameter snags persist as standing snags for many years,
providing valuable wildlife habitat, and account for a relatively
high proportion of total snag biomass in temperate forests (Lutz
et al., 2012). In PNW forests, large hollow trees, both alive and
dead, are the most valuable for denning, shelter, roosting, and
hunting by a wide range of animals (Bull et al., 2000; Rose
et al., 2001). In the Interior Columbia River Basin, grand fir
and western larch form the best hollow trees for wildlife uses
(Rose et al., 2001). Downed hollow logs continue to serve as
important hiding, denning, and foraging habitat on the forest
floor (Bull et al., 1997; Bull et al., 2000). Large decaying wood
influences basic ecosystem processes such as soil development
and productivity, nutrient immobilization and mineralization,
and nitrogen fixation (Harmon et al., 1986). Continuing to
protect large trees in eastside forests provides the greatest benefit
for carbon, habitat, and biodiversity.

Water availability and microclimatic bu�ering are also
disproportionately a�ected by large trees and intact forests
(Frey et al., 2016; Buotte et al., 2020). Forest canopies of the
PNW bu�er extremes of maximum temperature and vapor
pressure deficit, with biologically beneficial consequences (Davis
et al., 2019a). Removal of large trees quickly leads to a large
increase in soil and canopy heating, which increases enough to
impact photosynthesis (Kim et al., 2016), seedling survival, and
regeneration (Kolb and Robberecht, 1996; Davis et al., 2019b).
The climatic changes toward warmer and drier conditions
expected in the next decades will likely increase forest stress
and mortality (Allen et al., 2015). Eastside forests experienced
hotter and drier conditions from 2003 to 2012 concentrated
in the months of August and September, especially in drier
forest type groups (i.e., ponderosa pine, juniper), whereas spring
months (April–June) showed trends toward cooler and wetter
conditions (Mildrexler et al., 2016). Projections suggest that
proportionally, the largest changes in microclimatic bu�ering
capacity will occur in lower elevation or dry forests, which
currently have more limited bu�ering capacity (Davis et al.,
2019a). In these drier regions, microclimatic bu�ering by
forest canopies may create important microsites and refugia
in a moisture-limited system (Meigs and Krawchuk, 2018).
In an old growth ponderosa pine stand in eastern Oregon,
⇠35% of the total daily water used from the upper 2 m
was replaced by hydraulic redistribution from deep soil by

deep-rooted larger trees in summer (Brooks et al., 2002). The
bigger trees rarely reach 80% loss of hydraulic conductivity, and
both mature pine and mesic Douglas-fir were better bu�ered
from the e�ects of drought on photosynthesis compared with
young pine (⇠20-year old) due to full root development and
larger stem capacitance in older trees (Kwon et al., 2018).
Redistribution of deep soil water can increase seedling survival
during summer drought when young trees lack the root
development to reach deep soil water (Brooks et al., 2002).
While large tree composition may have shifted today relative to
European settlement times, these large trees nonetheless continue
to perform important functional attributes related to water
and climate such as carbon storage, hydraulic redistribution,
shielding the understory from direct solar radiation, and
providing wildlife habitat. These functional attributes of large
trees, irrespective of species, characterize ecosystems through
thousands to millions of years (Barnosky et al., 2017), and are not
quickly replaced.

In mesic forest environments, microclimatic bu�ering and
transpirational cooling are amplified because sites with higher
moisture availability are better able to shift energy to latent as
opposed to sensible heat fluxes (Dai et al., 1999; Mildrexler et al.,
2011). During midday in full sun the surface temperature of
a closed canopy moist forest is warmer than the temperature
beneath the canopy which is protected from direct solar radiation
(Thomas, 2011). Microclimates in moist forests are strongly
linked to their closed-canopy structure (Chen et al., 1999;
Aussenac, 2000). Removal of the overstory creates canopy
openings that increase solar radiation penetration resulting
in increased drying of the understory vegetation and the
forest floor, and a thermal response of rising land surface
temperatures (Chen et al., 1993, 1999). This alteration in
the subcanopy thermal regime changes atmospheric mixing
between the ground, subcanopy, and canopy, which in turn
modifies the microclimate condition of the a�ected stand.
Microclimate modifications associated with forest harvesting
are expected to be greatest in moist forests and may a�ect
resilience to climate change and increase the risk of occurrence
and severity of wildfires (Lindenmayer et al., 2009). Maintaining
mesic microclimates may give undisturbed moist forests and
the species they support some inherent resilience to climate
change. Moreover, an evaluation of the e�ects of water
limitations on forest carbon cycling in the eastern Cascade
Mountains found that grand fir radial growth was not
strongly associated with variability in temperature or water
variability (Berner and Law, 2015). A lengthening of the
growing season may increase productivity in high-elevation
grand fir stands. The microclimatic bu�ering, current and
future potential carbon stores, and intact nature of previously
unlogged grand fir and Douglas-fir forest types are co-benefits
of protecting large trees that need to be considered in future
management decisions.

Potential Solutions
The consequences of reducing protection of large trees are
significant reduction in forest carbon stores and their climate
mitigation, impacts on habitat for animals including birds, and

Frontiers in Forests and Global Change | www.frontiersin.org 10 November 2020 | Volume 3 | Article 594274



�gc-03-594274 November 4, 2020 Time: 11:36 # 11

Mildrexler et al. Large Trees Dominate Carbon Storage

resilience to a changing climate for decades to centuries to come.
Given the rarity of large trees across the landscape, and their
outsized role in storing carbon removed from the atmosphere, our
findings call into question the value of removing large trees for
forest modification in eastside forests.

If the 21-inch rule were retained on these lands, continued
protection of the existing carbon stock would prevent large
quantities of harvest related biogenic carbon from being released
to the atmosphere. It is also essential to let a su�cient number
of sub-21 inch trees remain to become additional large, e�ective
carbon stores, and assure that carbon accumulation continues
in these forests. Rather than weakening the 21-inch rule, we
suggest strengthening this important measure and expanding
large tree protections to other western United States public
lands that have been adversely a�ected by a similar history
of large-tree logging. Protecting and growing more large trees
is the most e�ective near-term option for accumulating more
carbon out of the atmosphere, and will benefit other ecosystem
services as well.

Some public lands (local, state, and federal) could become
part of a designated reserve system that includes intact forest
landscapes, and carbon rich forests, that hold most of these
large, older trees. This is an appropriate use of public lands
because the services they provide including biodiversity, water
retention, carbon accumulation and storage, and regional
cooling by evapotranspiration serve the public interest, and
promote sustainable economies that benefit from land protection
and restoration.

The critical need to adapt to more wildfire in the west
is congruent with protecting large-trees in fire-prone forests.
Older forests experience lower fire-severity compared with
younger, intensively managed forests, even during extreme
weather conditions (Zald and Dunn, 2018). A shift in policy
and management from restoring ecosystems based on historical
baselines to adapting to changing fire regimes and from
unsustainable defense of the wildland–urban interface to
developing fire-adapted communities is needed (Schoennagel
et al., 2017). Improved fire and forest management is part
of the solution, but the most e�ective changes in terms of
protection of people and property, will be near homes and
on private property. Prioritizing federal fuel treatments around
communities and creating better mechanisms for reducing fuels
on private land can help reduce home loss and better protect
communities (Moritz et al., 2014; Schoennagel et al., 2017). Given
the natural role of fire in the West, managing more wild and
prescribed fires with a range of severities will help reduce future
wildfire threats and increase ecological benefits in many systems
(Schoennagel et al., 2017).

Eastside forests are surrounded predominantly by rural
communities. For production forests, lengthening the forest
cycle will keep a larger amount of carbon in trees and soils
rather than in the atmosphere (Law et al., 2018). Rather than
coupling funding of forest restoration or community payments to
logging large trees and disturbing older forests, new policies could
be enacted that compensate rural communities for protecting
large trees in older forests and some of the younger trees
that will become large with their associated carbon stores.

To implement such policies, the amount to be paid to a
community needs to be marginally greater than the revenue
earned from cutting these large trees and the older forests in
which they are located. Policies that provide compensation for
setting aside reserves and individual trees with microhabitats
are already in place in Europe (European Commission, 2015).
Because this service benefits society as a whole and is an
irreplaceable part of the natural climate solutions framework
urgently needed for climate stabilization, the payment funds
should come from the treasury since all citizens benefit from
carbon accumulation by these trees and forests. With over half
of Oregon’s forest east of the Cascade Mountains crest, these
forests are key to the State’s climate mitigation and biodiversity
conservation goals.

CONCLUSION

Conducting a quantitative assessment using empirical data
has determined the large carbon stock that would be lost
and the resulting climate consequences if these large trees
are harvested. Research indicates that 2021 begins a pivotal
decade for humanity to transition o� of fossil-fuels (IPCC,
2018) and move “to achieve . . . stabilization of greenhouse
gas concentrations in the atmosphere at a level that would
prevent dangerous anthropogenic interference with the climate
system.” (UNFCCC, 1992, Article 2). To meet net-zero carbon
goals by 2050, it is estimated that reductions in net carbon
emissions must be 7.6% per year over the decade of the
2020s (UNEP, 2019). This is most readily accomplished by
reducing fossil fuel, bioenergy and industrial carbon dioxide
emissions while simultaneously accumulating more carbon
dioxide by protecting existing older forests that contain the
largest share of carbon, and by allowing more forests to
continue to accumulate carbon through proforestation (IUCN,
2020). Proforestation allows existing forests to continue growing
without harvest or other management practices so that more
trees can reach the large tree size that accumulates more
carbon in the near and long term than do reforestation and
a�orestation (Moomaw et al., 2019). No additional land is
required as is the case with a�orestation, and proforestation
is the lowest cost opportunity for reaching the zero net
carbon goal by 2050. In fire-prone forests such as in our
study area, a diameter limit strikes the balance between
protecting the most fire-resistant trees that store the most
carbon and allowing fuels reduction with reintroduction of
fire in dry biophysical environments. Intact mesic forests are
ideal locations for proforestation. Harvesting large trees will
add very large amounts of biogenic carbon to the atmosphere
(Harris et al., 2016), and make the net zero carbon goal di�cult
or impossible for Oregon to achieve. The young trees will
never be able to recover and accumulate the amount of carbon
that is in the growing and older forests during these next
critical decades, and will only equal current levels a century
or more from now.

Protecting large trees to help stabilize climate is critically
important for managing forest ecosystems as social-ecological
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systems. Knowledge of the disproportionately large amount
of carbon stored in a small fraction of trees creates an
opportunity to engage the public, decision makers, and forest
managers in their importance as an integral part of the climate
solution.
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