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In summary: 
The [Law et al 2018 PNAS paper] is nearly opaque with respect to its underlying assumptions so 
assessing the validity and accuracy of the simulation modeling effort is onerous. What little is shared 
in the article regarding inputs to the simulation model ignores the latest developments in wood life 
cycle assessment and sustainable building design rendering the results at best inaccurate and most 
likely incorrect.  Notwithstanding input errors, the simulation model arrives at unrealistic alternatives 
for maximizing carbon stored on the land base including the conversion of crop land, failure to 
acknowledge the risk of increased wildfires while assuming a growth benefit from CO2 fertilization as 
components of climate change, ignoring the realities of forest land economics as they pertain to 
reforestation and management effort.  The methodology clearly ignores the reality of continued 
demand for infrastructure that supports our burgeoning population. It also ignores the economic 
benefits of Oregon’s forest sector which produces over 22% of the total US softwood products and 
nearly 34% of the total US solid softwood products, which means that stopping harvest in Oregon 
would create tremendous leakage as wood demand would be fulfilled elsewhere where forest 
productivity is much lower than it is in Oregon.  

In detail: 

First and foremost, this is a very opaque paper.  The assumptions that underlay the assertions of impacts 
attributable to fire, harvest, and even to forest growth, rely on material buried in cited documents 
rather than in the text and/or supplementary materials.  Supplementary materials provide only the 
model outputs which are based on methods in the cited papers, or indeed borrowed from the cited 
papers.  This fact makes it onerous to assess the accuracy of the simulation modeling effort, and thus its 
relevance as a tool for policy makers who are examining what role the forest sector might play in a 
carbon mitigation strategy.  That said, to the extent that I did look to the underlying model structure 
there were several cautionary elements that should be taken into consideration.   

The paper indicates that they conducted a lifecycle assessment to arrive at wood product and harvested 
carbon impacts.  There is no indication in either the paper or the supporting documents that this is so.  
According to international standards (ISO 14040 and 14044) a life cycle assessment must at a minimum 
include four elements: goal and scope which identifies the functional unit, system boundaries, 
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assumptions and limitations, allocation methods and impact categories; a life cycle inventory analysis; 
an impact assessment; and an interpretation.   LCA’s that do not explicitly address these elements are 
not life cycle assessments regardless of any assertion to the contrary.  Given the scientific credentials of 
the authors, I am surprised that they would even entertain the idea that they are doing a life cycle 
assessment when that is clearly not the case.   

Within that context they also seem to be missing some key facts regarding service life of buildings ( eg 
even cross laminated timber buildings are only expected to last 30 years), decay rates of buildings 
(exponential at 2% per year – there are no economic models that would suggest that 2% of buildings are 
torn down within a year), and reforestation potential.   

Data on how they arrived at forest sector emissions is missing so there is no way to evaluate if it is 
modeled correctly.  I.e. supplementary tables S3, S4, and S5 have no information on how they were 
derived (supplementary materials say that is in the text and the text says it is in the supplementary 
materials and provides no overview of inputs and outputs as required by an LCA (which authors assert 
this is)).  As near as I can surmise the emissions include cutting all the trees, not replanting them 
(according to future projections and modeling description) which is not defensible under Oregon law, 
assuming a cut tree is an immediate emission, that most wood in service goes to the landfill within 30 
years, and that substitution is not a relevant part of the wood use story.  They cite a 2009 paper as their 
source for asserting that substitution is not a relevant factor, but that paper does not really address how 
they incorporate substitution at all. That same paper is referenced for how it accounts for harvested 
wood products, but there is no real accounting for harvested wood product longevity in the description 
of the simulation model used.  In fact that simulation model indicates that it does not track what 
happens to the wood once it leaves the forest so somewhere there is either a missing reference or lack 
of explanation.   

On regeneration, there are substantial differences in the model predictions for growth in two regions 
(Fig S2 with an over prediction of growth by 75% of median value in the coast range and 100% of median 
value in Blue Mountains) that when propagated over a century will create increasing error rates with 
time.  These two regions together account for nearly ½ the total carbon stocks in the state at the 
beginning of the simulation and since that median value is used in the monte carlo simulation it will 
propagate an overestimate of growth and long term carbon storage potential under a do nothing 
alternative which is the outcome that is predicted to provide the greatest carbon storage over the long 
term.   

There is also a mix of flux data and stock data reported as outputs and it isn’t clear (due to lack of 
transparency in the paper and supplemental materials) if those two are not confounded within the 
simulation model.  The simulation model used is a climate model that uses as inputs the outputs from an 
ecosystem process model (I presume – it does not say how the inputs are processed) to calculate 
potential outcomes for future times under a number of different alternative scenarios.  What goes into 
the ecosystem process model determines what comes out and is therefore what is fed into the climate 
model.  This is an elegant method to examine ecosystem processes, make predictions, and understand 
inflexion points and uncertainty.  Unfortunately outcomes often fail to stand up to scrutiny when 
compared to real world outcomes, particularly when it comes to using them to predict measurable 
outputs of products as the outputs are totally dependent on model specifications not piece size, volume, 
diameter distribution, or species - all of which drive harvest decision making processes.   
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I am struck by the lack of articulating the economic likelihood of these simulation outcomes and how 
they stack up against recent (as in the past 50 years recent) forest harvest activities.  The suggestion that 
harvest should be stopped on public lands is largely a moot point as harvest has been substantially 
reduced on public lands in Oregon since about 1993.  A review of harvest trends over the past nearly 50 
years shows a remarkably consistent harvest level on private lands over the entire period suggesting a 
sustainable harvest level as the period in question is longer than a rotation length.  In fact growth, 
harvest and mortality data suggest that even when maintaining significant harvest rates these forests 
are accumulating more carbon stores than are removed.  A comparison of recent trends for the USFS 
lands and private lands shows an increase in volume accumulated on public lands but with 3x more 
mortality than on private lands, based on plot remeasurements for the 1st 5 years of the 10 year FIA 
remeasurement period.   

Annual Change between 2001-
2005 and 2011-2015 

NFS Private 

Net Removals 3.035 mmt C 27.909 mmt C 
Gross Growth 32.975 MMT C 36.838 
Mortality 15.847 4.785 

• Private lands harvested 9 times as much as national forest between 2001 and 2010 AND grew 
more on fewer acres. 

• Mortality 3 times as much on national forest than private lands in that same time period. 

Since 1993, the harvest on private land amounts to about 82% of total volume removed from about 53% 
of the total commercially available forested acres based on recent spatial analysis using land ownership 
data and harvest statistics for western Oregon forests.  The volume grown on 10.7 million acres of 
private land is more than the volume grown on 19 million acres of public land according to the latest 
forest inventory and analysis data (2017 RPA).  That same RPA data shows that conifer harvests in the 
Pacific coast supply 33.9% of all saw and veneer logs produced in the entire USA and 22.6% of all HWP 
(including pulp) in the entire USA.  Oregon alone produces 5.8% of the world’s softwood lumber.  To 
blithely suggest that that amount of harvested wood products would be available elsewhere without 
substantial leakage is not a defensible assumption.   

The analysis on wildfire impacts eliminates the data from the Biscuit fire citing that it is an anomalous 
occurrence (Fig S3).  That model assumption will dramatically affect the outcomes of the simulation and 
is not substantiated given that the model runs are for a very extended time frame and large westside 
fires are becoming less anomalous given the doubling of the nationwide fire rate since 2000.  This looks 
like an instance of an a priori assumption driving an outcome as the results report no increase in fire 
impacts but do report increases in CO2 fertilization growth effects. It isn’t clear why the potential 
benefits of climate change such as CO2 fertilization are included whereas the risks are not.  Therefore it 
would make sense to include the Biscuit given the expectation of additional climate impacts including 
CO2 fertilization that are reported in the results.   

Overall this paper lacks the transparency needed to understand where assumptions drive the predicted 
model outcomes and how robust they are when real data from surveys and inventory modified to reflect 
current land conditions provides a completely different picture than the one presented in this paper.  
For that reason, it should be approached with caution as a tool that can answer complex policy 
questions about the role of the forest and forest sector in carbon mitigation strategies.  
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Abstract

This report assesses how carbon stocks at regional scales and in individual national forests 
are affected by factors such as timber harvesting, natural disturbances, climate variability,  
increasing atmospheric carbon dioxide concentrations, and nitrogen deposition. Previous base-
line assessments of carbon stocks (https://www.fs.fed.us/managing-land/sc/carbon) evaluated 
observed trends based on forest inventory data but were limited in ability to reveal detailed 
causes of these trends. The expanded assessments reported here are based on an extensive 
disturbance and climate history for each national forest, and two forest carbon models, to 
estimate the relative impacts of disturbance (e.g., fires, harvests, insect outbreaks, disease) and 
nondisturbance factors (climate, carbon dioxide concentration, nitrogen deposition). Results 
are summarized for each region of the National Forest System in the main document. A set of 
regional appendices to this report provides more detailed information about individual  
national forests within each region. Results are highly variable across the United States.  
Generally, carbon stocks are increasing in forests of the eastern United States as these forests 
continue to recover and grow older after higher historical harvesting rates and periods of non-
forest land use. In contrast, carbon stocks in forests of the western United States may be  
either increasing or decreasing, depending on recent effects of natural disturbances and  
climate change. The information supports national forest units in assessing carbon stocks, 
quantifying carbon outcomes of broad forest management strategies and planning, and  
meeting carbon assessment requirements of the 2012 Planning Rule and directives. Results of 
these expanded assessments will provide context for project-level decisions, separated from the 
effects of factors that are beyond land managers’ control.

_____________________________
Keywords:  Forest carbon stock, national forest, land management, natural disturbance, climate change

Cover:  Examples of disturbance to forests are, clockwise from top left, wildfire in Columbia River Gorge, Oregon 
(photo: ©Christian Roberts-Olsen via Shutterstock), harvested pine and spruce logs (photo: ©AVN Photo Lab via 
Shutterstock), broken trees after a powerful hurricane (photo: ©Victor Lauer via Shutterstock), and damage by 
spruce bark beetles (photo: © Klaus Reitmeier via Shutterstock). Image in top right corner: aspen leaves (photo: 
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Executive Summary

This report assesses how carbon (C) stocks on forest land of the Forest Service, U.S.  
Department of Agriculture, National Forest System are affected by timber harvesting, natural 
disturbances, aging, climate variability, increasing atmospheric carbon dioxide (CO₂)  
concentrations, and nitrogen (N) deposition. Carbon assessments were developed for  
individual national forests or small groups of national forests which have been administratively 
combined; assessments were then aggregated to regional scales. The information supports  
national forest units in making measurable progress toward meeting C assessment  
requirements of the 2012 Planning Rule and directives. Results of these assessments will help 
forest managers quantify C outcomes of broad forest management strategies and plan alterna-
tives, and provide context for project-level decisions, separated from the effects of factors that 
are beyond land managers’ control (e.g., climate).

Previously released baseline assessments of C stocks reported observed trends on forest 
land in each national forest based on Forest Service Forest Inventory and Analysis (FIA) data. 
These long-term changes represent the aggregate effects of all factors, reflecting the history of 
land management, disturbance, and environmental variability (e.g., climate). The C stocks in 
wood products harvested from the national forests at the regional scale were assessed using 
a harvested wood products (HWP) model, which applied a production accounting approach 
(Stockmann et al. 2012). These initial baseline assessments (e.g., USDA FS 2015g) were limited 
in ability to reveal causes of observed trends, which is the main purpose of this report. 

The expanded assessments reported here build on the baseline assessments by  
incorporating detailed disturbance, climate, and atmospheric histories of each national forest, 
and two additional forest C models: the Forest Carbon Management Framework (ForCaMF) 
and Integrated Terrestrial Ecosystem Carbon (InTEC) model. The combination of extensive 
data compilation and modeling allows estimation of the relative impacts of disturbance factors 
(fires, harvests, insect outbreaks, wind, disease, and recovery and aging) and nondisturbance 
factors (climate, N deposition, CO₂ concentrations) on C stocks. Disturbance histories account 
for the main categories of disturbance—fire, harvesting, insects, disease, and abiotic (wind) 
- compiled by intensity of impact on tree canopy cover. Manually verified disturbance maps 
were created for the period 1990 through 2011 by integrating satellite imagery with agency 
records of harvests, the multiagency Monitoring Trends in Burn Severity (MTBS) database of 
fires, and annual aerial detection surveys of insect and abiotic disturbances. For years prior to 
1990, forest stand ages derived from forest inventory data were used as a proxy for historical 
stand-replacing disturbance events. Additional spatial datasets such as climate records and 
measurements of N deposition and CO₂ concentrations were integrated to model the effects of 
environmental factors on forest C stocks and trends. 

The ForCaMF model incorporates FIA data, satellite-based disturbance histories, and the 
Forest Vegetation Simulator (FVS) to provide regional and forest-level assessments of the  
impact of different kinds of disturbance on ecosystem C storage. These assessments take the 
form of estimating how much more C would be stored on each national forest if disturbances 
that took place from 1990 through 2011 had not occurred. 

The InTEC model is a process-based biogeochemical model driven by satellite-based  
disturbance histories and stand-age information, monthly climate and atmospheric data, and 
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productivity parameters to estimate the relative effects of disturbance and nondisturbance  
factors on forest C accumulation and annual C fluxes. Within the model, disturbance factors 
alter terrestrial C balances and influence stand-age structures, which in part drive the rate of 
C uptake. Nondisturbance factors influence photosynthesis, respiration, and other variables 
related to growth rates that determine C production in the model. Historical C dynamics are 
estimated progressively through time from 1950 through 2011, and the results at any point in 
time are the accumulated effects of all factors since the starting year. 

In this main report, model results are summarized for the combination of all national  
forests in each National Forest System region. The available regional appendices  
provides more detailed information about individual national forests within each region. 

The C stock trends (e.g., USDA FS 2015g) and the relative influence of disturbance and 
environmental factors affecting C stocks in each region between approximately 1990 and 2011 
are summarized in table 1 and figure 1. Results indicate that forest C trends and the relative 
impacts of disturbance and environmental factors are highly variable across the United States. 
Generally, C stocks are increasing but at a declining rate in forests of the eastern United States 
as stands continue to grow older after historical harvesting rates and periods of nonforest land 
use. Carbon stocks in forests of the western United States may be either increasing or  
decreasing. These changes depend on recent effects of natural disturbances and climate 
change, which have caused many areas of forest in the West to switch from a C sink to a C 
source during the last two decades. Climate has had variable effects, largely depending on  
temperature trends and drought effects. Increasing atmospheric CO₂ concentrations and N 
deposition have had consistently positive effects on C stocks, partially offsetting C losses from 
natural disturbances, particularly fire and insects. Changes in the stock of C in wood products 
and solid waste disposal are relatively small or negative because harvest rates have declined 
significantly over many decades. Emissions of C from previously harvested wood are about the 
same as the C that is stored in newly harvested wood.

Results of the various models contained in this assessment and the previous baseline  
assessments (e.g., USDA FS 2015g) may vary due to differences in datasets used and modeling 
approaches applied. For instance, changes in forest C stocks reported in the baseline  
assessments rely completely on empirical FIA data that track long-term changes representing 
the aggregate effects of all factors. These assessments indicate that C stocks in forests of most 
regions have been increasing but at variable rates. However, because the inventory  
remeasurement period is 5 to 10 years, inventories may not fully account for the effect of more 
recent disturbances, which have been increasing over the last decade, particularly in the West. 
Both the ForCaMF and InTEC models make use of more contemporary satellite observations of 
disturbances, so they may better capture the C impacts of recent disturbance events. 

Eastern Region Results 

As part of the first region to be widely settled in the United States, the forests of the Eastern 
Region have a long history of unregulated harvesting and conversion to agriculture. Harvesting 
has been the most common and consistent disturbance type in the region since 1990, although 
the annual area harvested generally did not exceed 0.25 percent of the landscape. Harvests  
between 1990 and 2011 resulted in the removal of approximately 1.6 percent of nonsoil C 
stocks from the forest (fig. 1). Wind and fire also have been significant in the region, accounting 

https://www.fs.fed.us/managing-land/sc/carbon
https://www.fs.fed.us/managing-land/sc/carbon
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Table 1 - Cumulative changes in carbon (C) stocks (Tg) for regional and national scales, from C  
assessments for individual national forests, 1990–2011.

Region
Change in 
forest C 
stocksa

Disturbance 
impactsb

Climate and 
atmospheric 

impactsc

Change of C stock 
in wood productsd Summary ranking of main 

factors affecting C stockse

Eastern 93 -9 63 3.5
•	Harvesting
•	Climate and atmosphere
•	  Fire

Southern 193 -21 16 2.8

•	Harvesting
•	Fire
•	Climate and atmosphere
•	 Insects
•	Wind

Northern 123 -37 23 0.3

•	Fire
•	Disease
•	Climate and atmosphere
•	Harvesting

Rocky Mountain 32 -44 49 1.3

•	 Insects
•	Fire
•	Climate and atmosphere
•	Harvesting

Intermountain 43 -32 32 0.6

•	Fire
•	 Insects
•	Climate and atmosphere 
•	Harvesting

Pacific Northwest 117 -42 67 -0.8

•	Fire
•	Harvesting 
•	Climate and atmosphere 
•	 Insects

Southwestern -31 -9 4 -0.3
•	Fire
•	Climate and atmosphere 
•	Harvesting 

Pacific Southwest 63 -26 42 0.1
•	Fire
•	Climate and atmosphere 
•	Harvesting

Alaska 17 -2 - 0.4 •	Harvesting

All regions 650 -225 296 7.9

•	Fire
•	Harvesting 
•	Climate and atmosphere 
•	 Insects

a Observed changes in C stocks from Carbon Calculation Tool (CCT), which is based on forest inventory data reported in 
USDA Forest Service (2015a–i). This column represents an independent estimate of net biome production, and is not the sum 
of other columns. 
b Harvesting and natural disturbances from Forest Carbon Management Framework (ForCaMF). Results do not include the soil 
pool.  
c Net effects of nondisturbance factors—temperature, precipitation, carbon dioxide concentration, and nitrogen deposition - 
from the Integrated Terrestrial Ecosystem Carbon (InTEC) model. Results for the Northern and Southern Regions are for 1990 
through 2010.  
d Change of C in wood products and landfills based on the IPCC production accounting approach to harvested wood products 
(IPCC 2006; Stockmann et al. 2012).  
e Factors ranked by approximate magnitude of effect in descending order of importance. 
f The effects of forest aging as modeled by InTEC are not explicitly reported as a separate column in this table. However, all 
factors affecting C stocks, including aging, are inherently included in the Change in forest C stocks column. 
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Figure 1. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by National 
Forest System region. Percent reduction represents how much nonsoil carbon was lost from the baseline forest 
inventory carbon stock estimates. Results from the Northern and Southern Regions reflect disturbances occurring 
from 1990 through 2010.

for the loss of 0.2 percent and 0.1 percent of nonsoil C stocks, respectively. The regionwide  
stand-age distribution shows that about 50 percent of the forests are greater than 80 years old 
and indicates a period of elevated stand establishment occurring about 70 to 100 years before 
the end of the study period or from approximately 1910 to 1940. Both temperature and  
precipitation have increased slightly over the past few decades, and have had a mostly positive 
effect on C stocks. Nitrogen deposition has been declining while CO₂ levels have been  
increasing, with both continuing to have positive effects on C stocks. Considering all factors, 
the national forests in the Eastern Region have mostly maintained a C sink from 1950 through 
2011. The overall trend shows that this C sink has been declining due to disturbance and aging 
effects but may have stabilized over the past two decades due to the positive effects of  
nondisturbance factors.  

Southern Region Results 

In the late 1800s and early 1900s, agricultural expansion and large-scale timber extraction 
became the dominant driving forces of forest change in the South, followed by the  
establishment of national forests from marginal lands and a focus on forest restoration  
beginning around the 1920s. Timber harvesting from 1990 through 2011 accounted for the 
removal of about 2.4 percent of the nonsoil carbon stocks from the forest ecosystem (fig. 1), 
though harvests never affected more than 0.5 percent of the landscape in any single year. Fire 
has also played an important role in the forest C trends in the Southern Region, resulting in 
the loss of about 0.9 percent of nonsoil C stocks by 2011, while insects and abiotic factors had 
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relatively small effects on C storage across the region (fig. 1). The regionwide stand-age  
distribution shows that most stands in the Southern Region are older than 70 years, with a 
pulse of stands that established from about 1910 to 1940. Temperature in the region has been 
stable and precipitation has increased slightly since 1950, although variability in weather has 
been significant. Consequently, climate trends have had a moderately positive effect on C 
stocks, but effects of droughts and heat waves have been periodically sizable. Both  
atmospheric CO₂ concentrations and N deposition have increased over the past few decades, 
resulting in a positive effect on C stocks. Overall, national forests in the Southern Region were 
mostly a C sink because the positive effects of climate, atmospheric CO₂, and N deposition 
helped to offset the C losses due to disturbances and aging forests. 

Northern Region Results

In the 1880s, large areas of forest land were cleared for agriculture, settlements, and rail-
road expansion. This history is reflected in the stand-age structure and continues to influence 
C trends. It was not until the 1940s that the Northern Region experienced large-scale logging 
operations on national forest lands. In addition to timber harvesting, the forest C legacy of 
the Northern Region is tied to its history of fires and fire suppression. Recently, fires and root 
disease have been the dominant disturbances affecting carbon stocks, resulting in the loss of 
about 1.6 percent and 1.1 percent of nonsoil carbon stocks, respectively, between 1990 and 2011 
(fig. 1). The regionwide stand-age distribution in 2010 shows that most stands in the Northern 
Region are older (>80 years old) with a distinct pulse of stands which established between  
approximately 80 and 110 years before the end of the study period, or from about 1900 to 1930. 
Consequently, accumulated C in forests has declined, largely as a result of disturbance and  
aging effects, as most stands have already reached older, less productive ages. Exacerbating 
these disturbances and aging effects, climate variability and the recent warming trend have had 
a mostly negative effect on C stocks. Increases in N deposition and atmospheric CO₂  
concentrations have both had positive effects, thus helping to partially offset the negative  
effects of recent disturbances and aging. 

Rocky Mountain Region Results

Like many regions of the western United States, the forests of the Rocky Mountain Region 
were subject to logging, livestock grazing, mining, and clearing of forest for agriculture and  
human settlements by the latter half of the 19th century. Forest regrowth following historical 
land use and forest management activities such as fire suppression caused an increase in C  
accumulation in the mid-20th century, but stocks have declined in recent decades as these 
stands have aged and become less productive. Timber harvest volumes greatly declined in the 
early 1990s and have remained relatively low since. The regionwide stand-age distribution 
shows that most of the stands in the Rocky Mountain Region are older (>80 years old) with a 
notable pulse of stands which established from about 1880 to 1930. During the latter part of 
the study period, the Rockies experienced severe bark beetle outbreaks that caused widespread 
tree mortality and resulted in the loss of around 5.5 percent of forest C stocks between 1990 
and 2011 (fig. 1). Over the past few decades, several forests in the region experienced large and 
severe wildfires. Fires caused the loss of approximately 0.8 percent of nonsoil C stocks in the 
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region, while harvests resulted in the removal of about 0.4 percent of nonsoil C stocks. The  
climate in the Rocky Mountain Region has on average grown warmer and slightly wetter, 
though severe droughts are not uncommon. Though the baseline assessments indicate that 
across the region forests have maintained a C sink, forests are likely to be switching to a C 
source due to negative disturbance and aging effects. Nondisturbance factors had a positive 
effect, thus helping to maintain the C sink. 

Intermountain Region Results

The forest C legacy of the Intermountain Region is tied to its history of land use and fire 
management, as well as more recent, severe natural disturbances. Annual timber output  
declined precipitously in the early 1990s and has remained low ever since. Recently, severe 
bark beetle outbreaks have resulted in extensive tree mortality in parts of the Intermountain 
Region. Despite regeneration after recent disturbances, the regionwide stand-age distribution 
in 2011 shows that about half of the forests are greater than 100 years old and therefore under-
going declines in productivity and C accumulation. From 1990 through 2011, fires significantly 
affected C storage in the region, reducing nonsoil C stocks by about 1.9 percent (fig. 1).  
However, extensive tree mortality due to increased insect activity in the latter part of this  
period substantially altered the regional disturbance signature upon C stocks, reducing nonsoil 
C stocks by about 1.8 percent. Increasing levels of CO₂ and N deposition caused forests to  
accumulate more C and helped to counteract the C declines due to disturbances and stand  
aging. Climate factors, in particular, increasing temperatures, have also caused a decline of  
forest C since about 2000. Accounting for all effects, the forests have generally had a very low 
rate of increase in C stocks, and may already be switching from a C sink to a C source. 

Pacific Northwest Region Results

In the late 1800s, increased Euro-American settlement and the arrival of the  
transcontinental railroad transformed the Pacific Northwest into one of the highest  
timber-producing regions of the country. Annual timber output in the Pacific Northwest  
increased in the mid-20th century, but has declined since the 1990s and remained low ever 
since. Due to this history of land use and timber harvesting, the stand-age distribution is 
shifting toward older ages, causing recent declines in productivity and C accumulation. Of all 
disturbance factors, wildfires occurring from 1990 to 2011 have had the most significant effect 
on C storage, causing the loss of about 1.4 percent of nonsoil C stocks by 2011 (fig. 1). Timber 
harvests reduced nonsoil C storage by approximately 0.9 percent since 1990, while insect out-
breaks have also resulted in tree mortality and C losses in parts of the region. Although there 
has been significant interannual variability in both temperature and precipitation, between 
the 1950s and 2011 the climate has on average become much warmer and somewhat drier, but 
has had little effect on C stocks in recent years. Increasing levels of atmospheric CO₂ and N 
deposition caused forests to accumulate more C and helped to counteract the C declines from 
disturbances and the aging stands. The national forests in the Pacific Northwest Region have 
generally increased in C stocks.
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Southwestern Region Results

Though Euro-American settlement brought livestock grazing, mining, and timber  
harvesting to the region, the timber industry of the Southwest has remained relatively modest 
compared to other regions of the United States. This history of land use as well as wildfires 
followed by nearly a century of fire suppression policies has resulted in a relatively older age 
structure, characterized by lower productivity and rates of C accumulation. More recently, fire 
has also been the primary disturbance shaping forests of the Southwestern Region, and today  
prescribed burning is commonly used to manage fuel loads. The acceleration of fire activity 
after 2000 within the region resulted in a surge in fire’s impact on C stocks. Between 1990 and 
2011, fires resulted in the loss of approximately 2 percent of nonsoil carbon storage (fig. 1).  
Insects and harvesting each accounted for C losses that were less than 0.5 percent of total C 
nonsoil storage. Climate has on average become much warmer, while the region has  
experienced periodic droughts. The national forests in the Southwestern Region were a C 
source from 1990 through 2011. In the early 2000s, drought conditions combined with  
elevated temperatures enhanced the C source. The positive effects of increasing N deposition 
and CO₂ concentrations partially offset the negative disturbance and aging effects and the more 
recent negative climate effects.

Pacific Southwest Region Results

National forests in California were heavily logged in the late 1800s, and timber harvest  
volumes increased steadily into the early 1900s to support mining operations, immigration, 
and development. The regionwide stand-age distribution indicates a pulse of stands  
establishing from around 1900 to 1940, reflecting recovery after these historical disturbances 
and land use changes and leading to age-induced declines in C accumulation. Both land use 
history and recent changes in climate have led to large and severe disturbances in the Pacific 
Southwest Region over the past few decades. Fires were particularly large in 2000 and 2008, 
when they affected more than 1 percent of the region’s forest land. Fires from 1990 to 2011  
resulted in the loss of about 2.1 percent of nonsoil forest C stocks by 2011 (fig. 1). The C impact 
of harvest within the region was relatively stable from 1990 through 2011, causing the removal 
of about 0.7 percent of nonsoil C stocks. Forests have had very modest increases in C stocks 
since 1990, and may already be switching from a C sink to a C source because of disturbance 
and aging effects, as well as increasing temperatures and droughts. Increases in N deposition 
and atmospheric CO₂ concentrations have consistently enhanced the C sink and helped to 
counteract the negative disturbance and aging effects and climate effects. 

Alaska Region Results

The forest C legacy of the Alaska Region is tied to the history of timber harvesting and  
natural disturbances. Extensive timber harvests began in the 1950s, largely in high volume, 
old-growth stands. Timber harvests steeply declined in the 1990s and since 2000 have  
remained at low levels, resulting in the removal of approximately 0.2 percent of the nonsoil C 
stocks (fig. 1). Unlike much of the western United States, fires are relatively minor in south- 
eastern Alaska as a result of the cool, moist, temperate-rainforest conditions. Harvest activity 
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was the only disturbance process to have a significant effect on C stocks in the region; the  
detected fire, wind, and insect activity on the two national forests had negligible impact on C 
storage. Due to its high latitude, Alaska has seen a more rapid increase in temperatures over 
the last century than any other region in the United States. National forests in Alaska have 
shown a very modest increase in C stocks since 1990.

Executive Summary
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1. Introduction

Greenhouse gas (GHG) concentrations have increased significantly since 1750 and have
greatly exceeded preindustrial values (IPCC 2007). Human activities such as fossil fuel  
burning, industrial production, land use change, and agriculture are responsible for releasing 
large amounts of carbon dioxide (CO2) and other GHGs into the atmosphere. Globally, about 
half of the emitted GHGs are absorbed by oceans and land, with the remainder staying in the 
atmosphere for long periods of time (Le Quéré et al. 2018). Greenhouse gases trap energy in 
the atmosphere and cause it to warm. This phenomenon, called the “greenhouse effect,” is  
necessary to sustain life on Earth. However, the large amounts of GHGs that humans are  
releasing to the atmosphere are causing the surface temperature of the Earth to increase with 
a number of associated large-scale changes (USGCRP 2017), many of which are detrimental to 
human health and ecosystems. 

The Forest Service, U.S. Department of Agriculture (hereafter, Forest Service) recognizes 
the vital role that our Nation’s forests and grasslands play in carbon (C) sequestration. Box 
1 defines this and other important terms that are commonly used to depict the C cycle and C 
management activities. Carbon sequestration by forests is one way to mitigate GHG emissions 
by offsetting a portion of those emissions through removal and storage of C from the  
atmosphere. Carbon dioxide uptake by forests in the conterminous United States, and storage 
in live and dead organic matter and harvested wood products, offset approximately 11 percent 
of the national total CO2 emissions annually over the last decade (USEPA 2018). Forests and 
other ecosystems generally act as C sinks because, through photosynthesis, growing plants 
remove CO2 from the atmosphere and store it. However, forests may become sources of CO2 
during and after disturbances such as wildfire and timber harvesting. This is usually a  
temporary effect before the disturbed forests begin to regrow and resume their function as C 
sinks. Recent estimates of net annual storage indicate that globally and in the United States, 
forests are an important C sink, removing more C from the atmosphere than they emit (Pan et 
al. 2011).

The Forest Service also recognizes that C sequestration and storage is one of many  
ecosystem services provided by forests and grasslands; these services also include clean  
water, clean air, biodiversity, wood products, wildlife habitat, food, and recreation. Changes in 
weather patterns and extreme weather events place forest and grassland ecosystems and their 
services at risk. The National Forest System (NFS) constitutes one-fifth (22 percent) of the  
Nation’s total forest land area and contains one-fourth (24 percent) of the total C stored in all 
U.S. forests, excluding interior Alaska. Thus, management of these lands and disturbances  
influence sequestration and storage of C and mitigation of GHG emissions. The future  
trajectory of C stocks on the national forests will be influenced by the variability of conditions 
and disturbance regimes such as wildfire, insect outbreak, and extreme weather across the 
United States. 

Sequestration of C in U.S. forests is projected to decline over the next 25 years primarily 
due to land use change (net loss of forest area) and forest aging with corresponding slower 
growth (Wear and Coulston 2015). There are strong regional differences. For example, the 
forest C sink of the Rocky Mountain Region is projected to decline rapidly or change to a net 
source due to fire, insect outbreaks, and aging. Eastern forests, which are more intensively 
managed and lack such widespread disturbances, are expected to continue to be C sinks for 

Introduction
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 Box 1 

Terminology
Accumulation - The increase of  

carbon in a location over a period of time. 

Carbon units - Megagram (Mg): 
1,000 kilograms (2,204.6 pounds) = 1 
tonne; Teragram (Tg): 1,000,000 tonnes 

Mitigation - Measures to reduce the 
amount and rate of future climate change 
by reducing emissions of heat-trapping 
gases or removing carbon dioxide from the 
atmosphere.

Sequestration - Storage of carbon 
through natural, deliberate, or  
technological processes in which carbon  
dioxide is diverted from emission  
sources or removed from the atmosphere 
and stored biologically in oceans and 
terrestrial environments (vegetation, soils, 
and sediment), or in geologic formations. 

Sink - A physical location where 
carbon is removed from the atmosphere 
and stored, either through natural or 
technological processes. Entire ecosystems, 
specific ecosystem components (e.g., forest, 
soil), or political boundaries may be  
characterized as a sink.

Source - A physical location where 
carbon is released to the atmosphere,  
either through natural or technological  
processes. Entire ecosystems, specific  
ecosystem components (e.g., forest, soil), 
or political boundaries may be  
characterized as a source. 

Stock - A term referring to the mass of  
carbon contained within a particular  
compartment, or pool, within the Earth 
system.

Storage - The action of putting carbon 
in a location that prevents its release to the 
atmosphere for a period of time. 

Uptake - The action of taking up  
carbon dioxide from the atmosphere by 
plants.

several decades.
Forests are highly dynamic systems that are  

continuously repeating the natural progression of  
establishment, growth, death, and recovery, while  
cycling C throughout the ecosystem and the  
atmosphere. This cycle, which drives overall forest C 
dynamics, varies geographically and by forest type, and 
by the frequency, magnitude, and type of disturbance 
events. Natural and anthropogenic disturbances can 
cause both immediate and gradual changes in forest 
structure, which in turn affect forest C dynamics by 
transferring C between the different ecosystem and 
atmospheric C pools (fig. 2). While disturbances may be 
the predominant drivers of forest C dynamics (Pan et 
al. 2011), environmental factors (e.g., the concentration 
of CO₂ in the atmosphere), the availability of key forest 
nutrients, such as nitrogen (N), and climate  
variability influence forest growth rates and  
consequently the cycling of C through a forest  
ecosystem (Hyvönen et al. 2007; Pan et al. 2009). Thus, 
an accurate and comprehensive assessment of forest C 
stocks and trends and the drivers that influence them 
must include the effects of both disturbances and  
environmental factors.

 
 

 

 

Figure 2. The effect of a stand-replacing fire on forest ecosystem 
carbon pools and total ecosystem carbon (source: McKinley et al. 
2011).
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Box 1 cont.

Processes that Exchange 
Carbon with the  

Atmosphere
Combustion - Process of burning 

something; occurs when a substance such 
as wood, coal, or natural gas reacts with 
oxygen to produce carbon dioxide, water 
vapor, heat and energy.

Decomposition - Natural process 
of dead organisms being rotted or broken 
down into smaller bits;  
decomposers respire carbon dioxide to the 
surrounding soil and air.

Net biome production - The  
difference between the amount of organic 
carbon fixed by photosynthesis in an  
ecosystem and the loss of carbon from 
autotrophic and heterotrophic respiration 
and disturbances.

Net ecosystem production - The  
difference between the amount of organic 
carbon fixed by photosynthesis in an  
ecosystem and the loss of carbon from  
autotrophic and heterotrophic respiration.

Net primary production - The net 
uptake of carbon dioxide by plants through 
gross primary productivity in excess of 
losses from plant, or autotrophic,  
respiration.

Photosynthesis - The process by 
which green plants, algae, and other  
organisms use sunlight to synthesize  
energy fromcarbon dioxide and water.  
Photosynthesis in plants generally involves 
the green pigment chlorophyll, consumes 
carbon dioxide and water, and generates 
oxygen as a byproduct.

Respiration - Metabolic pathways 
that break down complex molecules to 
release chemically stored energy for  
maintenance, growth, and reproduction, 
and that result in the release of waste  
products such as carbon dioxide, nitrous 
oxide, or methane. 

The long-term capacity of forest ecosystems and 
harvested wood products to sequester and store C 
depends, in large part, on their health, resilience,  
adaptive capacity, and utilization of timber  
(McKinley et al. 2011). Under a changing climate,  
forests are increasingly affected by many factors such as 
multiyear droughts, insect and disease epidemics, wild-
fires, and catastrophic storms (Cohen et al. 2016;  
Westerling et al. 2006). Maintaining healthy forest 
structure and composition may not eliminate  
disturbance, and may in fact entail additional low- 
magnitude disturbance, but is likely to reduce the risk 
of large and long-term C losses through  
catastrophic disturbance (Millar and Stephenson 2015). 
Forest ecosystems capable of adapting to changing  
conditions will sequester C and store it more securely 
over the long term, while also furnishing woody 
materials to help reduce fossil fuel use. For forests 
managed for timber products, it is important to account 
for the C that is retained in harvested wood as well as 
substitution effects of using wood instead of other  
energy-intensive materials, because these quantities 
may be large and should not be considered as emitted 
CO₂ (Perez-Garcia 2005).

A first step toward managing for healthy forests is 
understanding how past patterns of disturbance and 
climate have affected their ecosystem functions such as 
C storage. A nationally consistent C assessment frame-
work has been developed for the NFS to deliver forest C 
disturbance information for every region and individual 
national forest. This report builds on the baseline C 
storage assessments produced for each region  
(https://www.fs.fed.us/managing-land/sc/carbon). It 
focuses on disturbance and environmental effects on 
ecosystem C, setting aside temporary storage of  
harvested C in product pools. The storage value of C in 
harvested wood products is quantified in the existing 
regional baseline assessments, and related analyses 
have appeared elsewhere (Healey et al. 2009; Stockman 
et al. 2012). Ongoing work to integrate ecosystem and 
product life cycle dynamics will allow the sideboards of 
future Forest Service assessments to expand beyond the  
ecosystem boundary.
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2. Purpose of the Assessment

This report expands on previous assessments of baseline C stocks across individual
national forests and at the regional scale by assessing how stocks at those scales are affected by 
factors such as timber harvesting, natural disturbances, land use change, climate variability, 
increasing atmospheric CO2 concentrations, and N deposition. The likelihood of management 
activities affecting future disturbance rates is not assessed. Such assessments are pursued 
through stand- and landscape-level risk analysis (e.g., Ager and Vaillant 2010), and are beyond 
the scope of this report. The goal of this report is to assess the causes of changes in C stocks as 
quantified by C monitoring programs such as forest inventories. 

Existing guidelines for considering forest C are found in various Forest Service policies, 
programs, and activities such as 

• the 2012 Planning Rule and directives ,
• National Roadmap for Responding to Climate Change (PDF, 3.3MB),
• Climate Change Performance Scorecard (PDF, 2.2MB),
• Ecosystem Restoration Policy and Directive (FSH 2020),
• other internal guidance for planning (Climate Change - Land Management & Project

Planning),
• project-level decisions, and
• several State and Private Forestry programs.
The information in this C assessment directly supports NFS units in making measurable

progress on Climate Change Performance Scorecard Element 9 (Carbon Assessment and  
Stewardship), while helping forests meet C assessment requirements of the 2012 Planning Rule 
and directives. Scorecard Element 9 poses the following questions: 

Does the Unit have a baseline assessment of carbon stocks and an assessment of the 
influence of disturbance and management activities on these stocks? Is the Unit 
integrating carbon stewardship with the management of other benefits being  
provided by the Unit? 

Initial baseline assessments of C stocks were produced in early 2015 using the Carbon  
Calculation Tool (CCT), which summarizes the data collected by the Forest Service’s Forest 
Inventory and Analysis program, and data about harvested wood products from regional  
Forest Service reports. The baseline assessments (USDA FS 2015a–i) meet the intent of  
assessing observed trends but are limited in ability to reveal detailed causes. 

The expanded assessments reported here evaluate the influence of disturbance,  
management, and environment by integrating two additional forest carbon models - the  
Forest Carbon Management Framework (ForCaMF) (Healey et al. 2014, 2016) and the  
Integrated Terrestrial Ecosystem Carbon (InTEC) model (Chen et al. 2000a; Zhang et al. 
2012) - to calculate the relative impacts of disturbance (e.g., fires, harvests, insect outbreaks, 
disease) and nondisturbance factors (climate, N deposition, CO2 concentrations). Results of 
these expanded assessments will help forest managers quantify C outcomes of broad forest 
management strategies and plan-level decisions, separated from the effects of factors that are 
beyond their control. See Dugan et al. (2017) for further details on how these C models (CCT, 
ForCaMF, and InTEC) may be integrated to provide useful information for characterizing C 

Purpose of the Assessment

https://www.fs.usda.gov/planningrule
https://www.fs.fed.us/climatechange/pdf/Roadmapfinal.pdf
https://www.fs.fed.us/climatechange/advisor/scorecard/scorecard-guidance-08-2011.pdf
https://www.federalregister.gov/documents/2016/04/27/2016-09750/ecosystem-restoration-policy
https://www.fs.fed.us/managing-land/sc/carbon
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Box 2

Forest Service Forest Carbon Principles

Although carbon is a relatively new consideration in land management, including it is consistent with 
sustaining the health, diversity, and productivity of the Nation’s forests and grasslands to meet the needs of 
present and future generations. Land management actions on public and private forests and grasslands can 
be designed to achieve carbon outcomes while meeting other sustainable resource management objectives. 
Forests are important in capturing and storing carbon, both onsite and in products, and management of these 
lands can contribute to mitigating climate change. The following principles should be at the forefront when 
considering carbon along with other management objectives.

1.	 Emphasize ecosystem function and resilience. (Function First). Carbon sequestration capacity  
depends on sustaining and enhancing ecosystem function. Long-term sequestration should be 
planned in the context of changing climate and other environmental drivers. Management actions 
that help maintain resilient forests or transition vulnerable forests to a fully functioning and resilient 
state are more likely to store sequestered carbon over the long run.

2.	 Recognize carbon sequestration as one of many ecosystem services. (One of Many Services.)  
Carbon sequestration is one of many ecosystem services provided by forests and grasslands.  
Strategies for including carbon in forest and grassland management must consider the suite of  
resources and outcomes desired from management actions. A balanced and comprehensive program 
of sustainable management will consider many ecosystem services, including carbon sequestered in 
biomass, soils, and wood products.

3.	 Support diversity of approach (Diverse Approaches). Recognize that decisions about carbon in  
America’s forests are influenced by ownership goals, policy, ecology, geography, socioeconomic 
concerns, and other factors that vary widely. The Forest Service supports a variety of approaches to 
managing carbon and deriving value from carbon that are compatible with the objectives of different 
owners. A wide diversity in approaches can also foster more rapid learning about forest, grassland, 
and carbon management in the context of climate adaptation.

4.	 Consider system dynamics and scale in decisionmaking. (Scale and Timeframe). Different  
ecosystems sequester carbon in different ways, at different rates, and within differing mosaics of 
landscape plans and trends. The carbon effects of forest and grassland management options should 
be evaluated within the carbon dynamics of long timeframes and landscape scales, with explicit  
consideration of uncertainties and assumptions. Where practical, system dynamics should be  
broadened beyond the ecosystem to consider full life-cycle impacts of decisions, including carbon 
storage in forest products and substituting wood-based options for fossil fuel-intensive applications.

5.	 Use the best information and analysis methods. (Decision Quality). Base forest management and 
policy decisions on the best available science-based knowledge and information about system  
response and carbon cycling in forests, grasslands, and wood products. Use this information wisely 
by dealing directly with uncertainties, risks, opportunities, and tradeoffs through sound and  
transparent risk management practices. Forest plan revision, project-level implementation, and other 
decision processes should consider tools and approaches that explicitly address uncertainty, risks, 
and opportunities about climate impacts and forest carbon response.

Including carbon in land management planning activities through these considerations supports the 
widespread approaches of ecosystem and watershed management and does not require significant alteration 
of management strategies and approaches. A balanced approach to including carbon in management activities 
may, however, complement existing objectives and priorities even as it helps mitigate the Nation’s GHG  
emissions and promote climate adaptation.
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dynamics and the relative contributions of driving factors, while also fulfilling Forest Service 
guidance. 

Using the baseline and expanded assessments, and the draft Forest Carbon Principles 
outlined in box 2, NFS units can begin to integrate C stewardship thinking and practices into 
management activities, thus helping to address the final question of Scorecard Element 9: Is 
the Unit integrating carbon stewardship with the management of other benefits being provided 
by the Unit? This requirement could be accomplished through use and application of available 
information related to C through the land management planning process, program guidance, 
forest plans, project plans and analyses, or other strategic program planning. Units are  
encouraged to review the Scorecard Guidance, including Scorecard Appendix F (PDF, 471KB).

Units can apply these data in their forest management planning and practices by asking 
questions such as:

•	 Has the land management plan area sequestered and stored C in the recent past, or has 
it emitted stored C?

•	 How have disturbances, projects, and activities influenced C stocks (including harvested 
wood products) in the past and how may they affect C stocks in the future? 

•	 Are existing conditions and trends of forest vegetation and soils indicating that the plan 
area is a C sink or source?

•	 Under existing plan guidance and alternatives being considered, what is the likely future 
trend of the plan area in sequestering and storing C, including in harvested wood  
products? 

•	 What is the risk of loss to C storage due to potential disturbance factors?
•	 Are there opportunities to change plan components to influence these trends?
These expanded assessments are produced following methods described in several cited 

source documents. 
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https://www.fs.fed.us/climatechange/advisor/scorecard/scorecard-guidance-08-2011.pdf
https://www.fs.fed.us/climatechange/advisor/scorecard/appendix/F%201-21-2011.pdf
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3. Forest Carbon Management and Stewardship
 
The Forest Service is leading government agencies in the national conversation and action 

on forest C. The basic approach involves managing C through managing the health and  
productivity of the Nation’s forests. The approach focuses on managing risks to the health,  
productivity, and ability of the resource to provide the goods and services called for in  
management plans. Management actions have C outcomes and those are considered among the 
benefits being managed. Forest systems are dynamic and emit and capture C regardless of  
human intervention. The Forest Service C strategy is embedded in a larger adaptation strategy 
for managing the resource that considers multiple impacts of natural and anthropogenic  
stressors.

Carbon management is an aspect of sustainable land management (Janowiak et al. 2017) 
targeted to maintain the long-term health and productivity of forests and grasslands, and to 
maintain a flow of all of their benefits. Carbon adds another dimension to the work. There will 
be both tradeoffs and synergies between C flows and other services, and balancing these  
interactions will continue to be part of the mission in managing these resource (box 2). 

The Forest Service’s goal is to manage system vulnerability to multiple stressors through 
adaptation and mitigation activities. Management principles consider C and other benefits 
flowing from forests, integrate climate adaptation and mitigation, and balance C uptake and 
storage among a wide range of ecosystem services. The Forest Service also strives to provide for 
social, economic, and ecological sustainability. 

Forest management strategies include retaining and protecting forest land from conversion 
to nonforest uses; restoring, maintaining, and enhancing resilient forests that are better  
adapted to a changing climate and more resistant to catastrophic wildfires and other stressors; 
and reforesting lands impacted by catastrophic wildfires and other disturbances. Other  
strategic management options for reducing GHG emissions include changes in land  
management, afforestation (and other land use changes), avoiding loss of forest land, adding to 
the harvested wood product pool, and bioenergy (Scorecard Appendix F (PDF, 471KB)).

Forest Carbon Management and Stewardship

https://www.fs.fed.us/climatechange/advisor/scorecard/appendix/F%201-21-2011.pdf
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4. Methods and Uncertainty

The expanded assessments reported here are based on a detailed disturbance, climate, and 
atmospheric history of each national forest, and two additional forest C models: the Forest 
Carbon Management Framework (ForCaMF) and Integrated Terrestrial Ecosystem Carbon 
(InTEC) model. The ForCaMF model provides forest-level assessments of the impact of  
different kinds of disturbance (e.g., fires, harvests, insect outbreaks, abiotic, disease) on  
ecosystem C storage. The InTEC model is a process-based biogeochemical model driven by 
monthly climate data, vegetation parameters, and forest disturbance information to estimate 
the relative effect of disturbance and aging and nondisturbance factors (climate, N deposition, 
CO₂ concentrations) on forest-level C accumulation and fluxes. The combination of extensive 
data compilation and modeling provides an approach to estimate the relative impacts of  
disturbance (fires, harvests, insect outbreaks, abiotic, disease, aging) and nondisturbance  
factors (climate, N deposition, CO₂ concentrations) on C stocks. 

This report follows the international reporting requirements established under the  
umbrella of the Intergovernmental Panel on Climate Change (IPCC) as implemented for the 
forestry sector of the U.S. GHG inventory compiled by the U.S. Environmental Protection 
Agency (USEPA 2018). The seven main forest sector carbon pools, generally defined by IPCC 
and adapted for reporting in the United States, are:  

Live trees—Live trees with diameter at breast height (d.b.h.) of at least 2.5 cm (1 inch), 
including carbon mass of coarse roots (greater than 0.2 to 0.5 cm [0.08 to 0.2 inch];  
published distinctions between fine and coarse roots are not always clear), stems, branches, 
and foliage.

Standing dead trees—Standing dead trees with d.b.h. of at least 2.5 cm, including  
carbon mass of coarse roots, stems, and branches.

Understory vegetation—Live vegetation that includes the roots, stems, branches, and 
foliage of seedlings (trees less than 2.5 cm d.b.h.), shrubs, and bushes.

Down dead wood—Woody material that includes logging residue and other coarse dead 
wood on the ground and larger than 7.5 cm (3 inches) d.b.h., and stumps and coarse roots 
of stumps.

Forest floor—Organic material on the floor of the forest that includes fine woody debris 
up to 7.5 cm d.b.h., tree litter, humus, and fine roots in the organic forest floor layer above 
mineral soil.

Soil organic carbon—Belowground carbon without coarse roots, but including fine roots 
and all other organic carbon not included in other pools, to a depth of 1 meter (39 inches).

Carbon in harvested wood—Includes products in use and in landfills. “Products in use” 
includes end-use products that have not been discarded or otherwise destroyed. Examples 
are residential and nonresidential construction, wooden containers, and paper products. 
“Products in landfills” includes discarded wood and paper placed in landfills, where most 
carbon is stored long-term and only a small portion of the material is assumed to degrade, 
at a slow rate. 

Carbon is transferred among these seven pools and the atmosphere. The amount of C in 
each pool is commonly called a stock, and the transfers may be called fluxes or changes in C 
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Methods and Uncertainty

stocks (box 1). Forest sector C pools and fluxes following disturbances are shown in detail in 
figure 3. The different C models described in this report, and those in the previously published 
baseline assessments, include subsets (or expansions) of the seven main reporting C pools  
(table 2). 

 
 

 

 

 

 Figure 3.  Forest sector carbon pools and flows (source: Heath et al. 2003).

Table 2.  The seven main forest carbon pools and their representation in carbon modelsa referenced in this  
report. 

		                 Carbon models 
Carbon 
pool

Carbon 
Calculation 
Tool (CCT)

USFS  
Harvested 

Wood  
Productsa 

Forest  
Vegetation 
Simulator 

(FVS)

Forest Carbon 
Management 
Framework 
(ForCaMF)

Integrated  
Terrestrial  

Ecosystem Carbon 
(InTEC)

Live trees X X X X

Standing 
dead trees X X X X

Understory 
vegetation X X X X

Down dead 
wood X X X X

Forest floor X X X X

Soil organic 
carbon X Xb

Carbon in 
harvested 
wood

X

a Source: Stockmann et al. (2012). USFS = USDA Forest Service.  

b Soil carbon pools expanded to facilitate representation of key ecosystem processes: soil structural and soil metabolic detritus, 
soil microbes, surface microbes, slow organic matter, and passive organic matter.
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4.1 Disturbance and Management Activities 

4.1.1 Disturbance Data

The starting point for this C assessment is mapped records of disturbance and harvest  
activity across each national forest from 1990 through 2011. These disturbance maps were 
created by manually editing initial maps that were based on satellite data and created by the 
automated Vegetation Change Tracker algorithm (Huang et al. 2010). Editing was conducted at 
the pixel level to align mapped disturbances with several independent data sources: the  
multiagency Monitoring Trends in Burn Severity (MTBS) database of fires over 1,000 acres 
(405 hectares) in size (Schwind et al. 2010); multitemporal composites of Landsat data  
transformed to one band per year with the Disturbance Index (Healey et al. 2005); high- 
resolution time series of aerial imagery served through Google Earth; a combination of a  
tabular database (Forest Activity Tracking System; FACTS) of historical harvest activities and 
a spatial database (FACTS spatial) that provides an associated spatial representation of activity 
locations; and annual aerial forest detection survey (ADS) data (Johnson and Wittwer 2008). 
In the Rocky Mountain Region (NFS Region 2) and the Intermountain Region (NFS Region 4), 
where insect disturbance was most pronounced, ADS data were enhanced with Landsat-based 
disturbance maps generated from an ensemble of automated change detection algorithms 
(Healey et al. 2018). Methods used to produce the disturbance maps in this report were  
documented by Hernandez et al. (2018). 

4.1.2 Uncertainty 

Maps of disturbance year and type are not considered to be a significant source of error. 
To develop these maps, manual methods were used in consultation with independent error 
records. These records mimic methods used to develop “truth” data in other studies involving 
disturbance maps created with more automated methods (e.g., Cohen et al. 2010; Schroeder et 
al. 2014; Thomas et al. 2011). 

4.2 Forest Carbon Management Framework

4.2.1 Methods

The Forest Carbon Management Framework takes advantage of corporate Forest Service 
monitoring data, management records, and management tools, complemented with forest 
change information from the Landsat series of satellites, to provide forest-level assessments of 
the impact of different kinds of disturbance on ecosystem C storage. These assessments  
estimate how much more C would be stored on each national forest if disturbances that took 
place from 1990 to 2011 had not occurred. Specifically, the impact of disturbance factor F (e.g., 
harvest, fire, insects, disease) is estimated as the difference, DF, in the landscape’s nonsoil C 
stocks between an “undisturbed” scenario (U) where no disturbances occur during the study 
period and a scenario where only factor F occurs, in each simulation unit (i)(eq. 1). 

Disturbance and Management Activities



USDA Forest Service RMRS-GTR-402.  2019								                                     19

Forest Carbon Management Framework

Equation 1. 

Each scenario includes simulation of normal density-dependent tree mortality that is not 
attributable to disturbance. An estimate of DF is produced for every year, considering the  
impact of all disturbances that occurred from 1990 to that date. DF is a function of mapped 
starting conditions and disturbance history across 10-hectare (25-acre) sections of the land-
scape (i) that share the same starting conditions and disturbance patterns. These sections are 
called “simulation units” because they are the base units of error simulations described in  
Section 4.4.2, but they are also ForCaMF’s finest level of carbon estimation. DF is summed 
across all simulation units to produce a national forest-scale assessment of disturbance impact 
(eq. 1).

The C storage associated with mapped stand dynamics is obtained by combining the  
representative field sample measured by the FIA program with the Forest Vegetation  
Simulator (FVS) (Crookston and Dixon 2005; Hoover and Rebain 2011), a growth model that 
allows projection of nonsoil C stocks (Rebain 2010; Reinhardt and Crookston 2003) under a 
variety of disturbance scenarios. The FIA program maintains a plot network across the country 
consisting of one randomly located plot per approximately 6,000 acres (2,428 hectares). The 
tree list from each of the FIA plots with at least one forest land condition on NFS land (within 
the NFS region) is entered into FVS. For each scenario, a generalized C storage model is  
developed by combining results of simulations with similar starting tree lists. Each group of 
plots is subjected to a range of simulated disturbances to develop C storage models applicable 
to the gamut of observed disturbance patterns. Uncertainty measures from the fitting process 
are stored for later uncertainty analysis, as described more fully by Raymond et al. (2015).

Software in ForCaMF simply applies regionally averaged C dynamics described on the right 
side of figure 4 to the remotely sensed vegetation and disturbance history information  
summarized on the left side of the figure. When disturbance affects a simulation unit (as  
indicated by the disturbance map), it is moved from an FVS-derived “undisturbed” C  
accumulation function to the appropriate postdisturbance function. If maps show the  
simulation unit to be disturbed again, it is moved to the new postdisturbance C accumulation 
function at the appropriate time (Healey et al. 2014). Disturbance impacts on C storage (DF) 
are calculated by comparing C storage under an “undisturbed” scenario to a scenario with  
disturbance factor F. In this report, results are reported for F = all observed disturbances and 
for F = each individual disturbance factor (e.g., fire, harvest, insects, disease). Where F = all, 
the effects of successive disturbances (e.g., fires following insect disturbance) on C storage were 
realistically represented by the previously mentioned switching from one postdisturbance C  
accumulation function to another. Where F = only a single disturbance factor, all non-F  
disturbances were zeroed out and this switching did not occur (unless successive disturbances 
were of the same type). In both cases, calculation of DF in each year from 1990 to 2011 allowed 
temporally precise evaluation of how the impact of disturbance evolved over time,  
particularly in light of events such as large fire years or emerging insect problems that change 
overall C storage patterns. 
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Figure 4. Flowchart of how ForCaMF calculates the impact of each type of disturbance. Carbon (C) storage  
associated with mapped forest conditions and disturbances is determined by applying regionally generalized C 
dynamics derived from the combination of USDA Forest Service, Forest Inventory and Analysis data and Forest 
Vegetation Simulator data. Disturbance-specific, stand-level C scenarios are shown on the right side of figure. 
Mapped stand dynamics are designated on the left side of the figure.
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4.2.2 Uncertainty

There are several potential sources of uncertainty in the ForCaMF workflow described,  
including (designated in red in fig. 4): 

•	 mapped starting conditions (initial C storage and forest type); 
•	 modeled disturbance magnitude; and 
•	 modeled C accumulation estimates, as obtained from FIA and FVS.
The complexity and interaction of ForCaMF’s potential error sources preclude solving for 

error using an analytical approach. Instead, a Monte Carlo approach is used, where randomly 
selected alternative values for each input are substituted into the calculation of DF over a large 
number of error simulations. The variance of DF in response to simulation of possible error 
patterns produces an empirical estimate of the system’s integrated uncertainty. Healey et al. 
(2014) described an innovative method of carrying out the Monte Carlo method with mapped 
inputs such as those used here. This process, called Probability Density Function (PDF)  
Weaving, uses FIA data to calibrate and constrain error simulations related to mapped  
forest type and starting-condition maps as well as maps of disturbance magnitude. As a result, 
ForCaMF analyses are aligned with FIA estimates of historical C storage, distribution of forest 
type, and forest cover change.

In addition to uncertainty in input map products, ForCaMF simulates uncertainty  
associated with each of the disturbance-specific, stand-level C scenarios (fig. 4 right side) that 
ForCaMF links to mapped stand dynamics (fig. 4 left side). Error functions are obtained from 
fitting each scenario via a process called quantile regression, as previously mentioned and 
described by Raymond et al. (2015). These models are used to calibrate how C storage patterns 
are allowed to vary in the ForCaMF Monte Carlo process. The net result of these error 
simulation processes is that an empirical 95-percent confidence interval can be associated with 
estimates of DF for each year.

4.3 Integrated Terrestrial Ecosystem Carbon Model

4.3.1 Methods

The InTEC model builds on ForCaMF by attributing the observed changes in C stocks to a 
full suite of both natural and anthropogenic factors. InTEC is a process-based biogeochemical 
model driven by monthly climate data, vegetation parameters, and forest disturbance  
information to estimate annual forest C and fluxes in C pools at regional and local scales (fig. 5) 
(Chen et al. 2000a,b,c; Ju et al. 2007). InTEC relies on empirical FIA datasets (USDA FS 2016) 
containing variables such as stand age, forest (or dominance) type, and net growth, resulting in 
a hybrid approach which combines a process-based biogeochemical model with empirical  
models that are comparable to the results from the baseline assessment (CCT) and ForCaMF. 
Specifically, the FIA-based stand age, dominance (or forest) types, and net primary  
productivity (NPP)-stand age relationships determine when stands were initially disturbed 
and, depending on forest (or dominance) type, how the productivity changes with stand age 
over time.

The C dynamics of a forest region are a function of multiple factors including disturbance, 
stand age, climate, and atmospheric composition (Chen et al. 2000a). These are grouped into 

Forest Carbon Management Framework
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Figure 5. Conceptual scheme of the carbon (C) cycle in the Integrated Terrestrial Carbon Cycle (InTEC) model. 
Solid arrows indicate C flow and dashed arrows indicate influences.          : disturbance function;               :  
nondisturbance function; NEP: net ecosystem productivity; NBP: net biome productivity. NPP is the net  
production of organic matter by plants, which is equal to the difference between the total amount of C fixed in 
photosynthesis (gross primary productivity) and C losses from respiration of plants (autotrophic respiration). 
NEP is equal to the sum of NPP and the C loss to the atmosphere via heterotrophic respiration. NBP is equal to 
the sum of NEP and C fluxes associated with nonrespiratory losses due to disturbances such as combustion from 
fire or export to external pools following harvest. If no disturbances occurred in a given year, NBP is equal to NEP 
(source: Zhang et al. 2012).

disturbance and nondisturbance factors. Disturbance factors include fire, harvest, insects, and 
forest stand age or time since stand-replacing disturbance, which can include disturbances that 
are not specifically identified or occurred prior to the satellite-based disturbance maps  
(pre-1990). Nondisturbance factors include climate (temperature and precipitation),  
atmospheric CO2 concentrations, and N deposition. The InTEC model integrates the effects of 
nondisturbance and disturbance factors since the initial modeling year (1900 in this study). 
The historical C dynamics are estimated progressively from 1950 through 2011, and the results 
at any point in time are the accumulated effects of all factors since the starting year (Chen et al. 
2003). 

The InTEC model is run pixel-by-pixel, with a 90-m (300-foot) pixel size, in each individual 
national forest. Summary results are calculated by summing or averaging all pixels in a forest, 
depending on the measure being reported. Carbon pools include aboveground live (wood and 
foliage), belowground live (coarse roots), forest floor (fine roots, and surface structural and  
surface metabolic detritus), dead wood (standing and down dead, foliage, and coarse roots), 
and soil (soil structural and soil metabolic detritus, soil microbes, surface microbes, slow  
organic matter, and passive organic matter).

( )dis iφ ( )nondis iφ
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4.3.1.1 Disturbance, Regrowth, and Aging Effects

Disturbances are explicitly considered as processes that release C into the atmosphere, 
modify the terrestrial C balance, initiate regrowth, and subsequently transfer C from one pool 
to another (e.g., live trees to standing dead) in the disturbance year and thereafter. For the 
period 1990 to 2011, Landsat-obtained disturbance maps (described in Section 4.1.1) were 
used to determine the year, location, type (fire, harvest, insects), and magnitude of disturbance 
events. For years prior to 1990, stand-age maps were obtained from forest inventory data to 
act as proxies for the timing of the last stand-replacing disturbance. The time since disturbance 
influences the rate and accumulation of biomass and C during regrowth after disturbance. 
Each pre-1990 disturbance is considered to be a stand-replacing fire because it is difficult to 
assign a disturbance type from stand age alone, and any disturbance that reset the stand age 
to zero would have been stand replacing—most likely a high-severity fire or clearcut harvest. 
The type and magnitude of each disturbance determine the amount of C released directly to the 
atmosphere as well as the transfer of C from live to dead pools as a result of mortality, and the 
changes in C pools during regrowth.

For instance, if a fire has a mortality rate of 100 percent, a portion of the biomass C is  
immediately released to the atmosphere via combustion, the entire stand dies, and C is  
transferred from the live to the dead pool. Stand age is set to zero, and the stand regrows  
beginning the next year following the NPP-stand age relationships specific to each forest type. 
If a fire has a mortality rate of 50 percent, a portion of the biomass C is immediately released to 
the atmosphere via combustion, and 50 percent of the live trees die, transferring C to the dead 
pool. The stand age remains the same, and the forest continues to grow following the NPP-
stand age relationship. 

For harvests, the C in the harvested wood is transferred to the harvested wood C pool, thus 
leaving the forest ecosystem. Wood that is not removed from the forest during harvest, such as 
branches and roots, is transferred to the appropriate ecosystem C pool, such as woody debris. 
The removed C may be stored in the harvested wood product pools for several decades. Refer 
to the baseline assessments (USDA FS 2015a–i) for a detailed analysis of C in harvested wood 
product pools.

Relationships between NPP and stand age vary regionally, by forest types and  
environmental conditions (He et al. 2012; Zhang et al. 2012). For U.S. forests, NPP  
typically increases rapidly at a young age, reaches a maximum at middle age at about the time 
the canopy closes, and then gradually declines and stabilizes with older ages. Consequently, 
middle-aged forests have a greater capacity for C uptake than young and old forests. In  
InTEC, the aging effects reflect these changing rates of C sequestration with stand age. After a 
disturbance, C changes may initially be negative (C source), but later become positive (C sink) 
and reach a peak as vegetation regrows and decomposition declines (Pregitzer and Euskirchen 
2004). Depending on stand age or the number of years since the last disturbance, the  
disturbance and aging effects on changing C stocks can be positive (causing a C sink) or  
negative (promoting a C source).

Integrated Terrestrial Ecosystem Carbon Model

https://www.fs.fed.us/managing-land/sc/carbon
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4.3.1.2 Nondisturbance Effects

Both long-term climatic trends and interannual climate variability can impact forest C  
dynamics by affecting growth, productivity, and decomposition. The InTEC model  
integrates climate data from the Parameter-Elevation Regressions on Independent Slopes 
Model (PRISM), which combines empirical measurements from a network of weather stations 
with elevation and other topographic factors to map precipitation and temperature at  
monthly timescales across the United States (PRISM Climate Group 2004). Anthropogenic 
climate change has led to increases in average temperatures in most regions across the United 
States since 1900, as well as regional shifts in precipitation; some regions have become drier 
and others wetter (Walsh et al. 2014). In some regions, warmer temperatures can cause  
moisture stress and more rapid decomposition of surface and soil C (Ju et al. 2007), thus  
increasing C emissions. In high-latitude or -altitude locations, warmer temperatures can  
enhance tree growth (Way and Oren 2010). Drought conditions can reduce tree growth both 
during the drought and up to several years later, in turn making forests less able to act as C 
sinks (Anderegg et al. 2015). On the other hand, increased precipitation and humidity can  
promote tree growth and C uptake (Dale et al. 2001; Nemani et al. 2002).

Like climate, atmospheric composition is known to impact plant growth rates and C  
dynamics (e.g., Hyvönen et al. 2007; Law 2013; Pan et al. 2009). Data collected at field  
monitoring stations of the National Atmospheric Deposition Program’s National Trends  
Network established coverage maps of N deposition (Pan et al. 2009). The increased N  
deposition due to human activities can stimulate C sequestration in forests, through increased 
production of biomass, surface litter, and soil organic matter. 

The InTEC model also incorporates annual concentrations of atmospheric CO2 measured 
at the Mauna Loa Observatory in Hawaii (Keeling et al. 2009). Atmospheric CO2 levels have 
increased steadily from 280 ppm in 1901 to 390 ppm in 2010 due to industrialization and other 
human activities. Like N deposition, elevated atmospheric CO2 concentration acts as a  
fertilizer, stimulating photosynthesis and biomass production (Keenan et al. 2013). Additional 
details about the datasets and their use by InTEC are available (Dugan et al. 2017).

4.3.1.3 Simulation Scenarios

To model the effects of individual and combined disturbance and nondisturbance factors, 
a series of simulation scenarios were developed (Zhang et al. 2012, 2015). Six overall scenarios 
were simulated by InTEC: 1) all factors including all disturbance and aging and nondisturbance 
effects, 2) disturbance and aging effects only, 3) combined nondisturbance effects only,  
4) climate effects only, 5) CO2 effects only, and 6) N deposition effects only. 

4.3.2 Uncertainty

Quantifying model uncertainty using a Monte Carlo approach and multiple simulations is 
impractical with InTEC because of the time it takes to perform model runs given the  
numerous forests, high-resolution datasets, long temporal scales, and multiple simulation 
scenarios analyzed. The uncertainty and validation of the InTEC model for analyses across the 
contiguous United States were studied in Zhang et al. (2012, 2015). Uncertainties also depend 
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on the quality and quantity of data available for each forest. The climate and atmospheric 
chemistry data used in InTEC are derived from a sufficiently dense network of observation  
stations to be accurately representative of regional conditions, although errors may be  
significant at local scales. As discussed earlier, InTEC is calibrated to FIA data and satellite 
imagery observations of disturbance and productivity and uses disturbance estimates and age 
maps, so that the previously assessed uncertainties in these datasets are propagated into the 
InTEC model results. Given the lack of stand-age data in the early part of the 20th century, 
modeled results are more uncertain for that period (Zhang et al. 2015); thus, results prior to 
1950 are omitted in this report. For additional information regarding InTEC, including  
calibration, parameterization, and model inputs, see Zhang et al. (2012, 2015).
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5. Integration of Modeled Results

These NFS forest C assessments are based on a variety of datasets and several models.  
Although we have attempted to reach a high level of consistency, appropriate interpretation 
and use of the results should reflect inherent differences between datasets and models that can-
not be fully reconciled (Dugan et al. 2017). Generally, the FIA data represent the most accurate 
analysis of trends in C stocks as summarized by CCT in the baseline assessments (USDA FS 
2015a–i), the effects of disturbances are best captured by ForCaMF, and the effects of  
environmental variables are reflected in the results from InTEC. However, despite the  
extensive use of FIA data by all three models (CCT, ForCaMF, and InTEC), results are not 
completely compatible because ForCaMF and InTEC use additional datasets with different 
properties and timing of observations and the models include different C pools (table 2). The 
models themselves are also different. CCT and ForCaMF are empirical models, whereas InTEC 
is a hybrid empirical and process model. These different approaches are necessary to provide a 
complete analysis of the main drivers of change, because none of the approaches can represent 
all of the important drivers. In a broader context, a land manager may be faced with  
interpreting conflicting results from studies conducted by different parties; therefore, the goal 
of this section is to provide some guidance for dealing with this situation in the future.

The three models (CCT, ForCaMF, and InTEC) that were integrated for these forest C  
assessments use common data sources to enhance agreement between model results. For 
instance, all three models use FIA data as major inputs so that all results are well grounded in 
observations. FIA data are the primary data source of CCT, as the model calculates C stocks 
and stock changes from tree-level data from at least two inventories using allometric models 
(Woodall et al. 2011). ForCaMF also relies on FIA data to simulate forest C trajectories  
given different disturbance scenarios (Raymond et al. 2015). Last, InTEC is driven by  
stand-age maps, dominance type maps, and NPP-age relationships, all obtained in part from 
FIA plot data. 

Along with FIA datasets, ForCaMF and InTEC incorporate high-resolution Landsat- 
obtained disturbance data (Healey et al. 2014). Although FIA captures disturbance events by 
periodically remeasuring the same sample plots, it may lack the temporal sensitivity to detect 
the effects of more recent disturbances. This is because FIA field observations are made on a 
cycle that may be 10 years or even longer. In some cases older observations are based on  
periodic inventories and newer observations are based on annual inventories of subsets of  
sample plots, so that the average age of “current” FIA data can be 5 years (typical in the East) 
or 10 years (typical in the West), or more. The CCT model interpolates and extrapolates these 
observations to produce an annual time series since 1990, but if the extrapolation is from older 
data and there have been more recent significant changes such as an increase in disturbances, 
the extrapolation represents trends that no longer characterize what is occurring in the land-
scape. In contrast, ForCaMF and InTEC both use more contemporary satellite-based  
observations of disturbances as a major input, which reflect landscape changes as they occur. 

The FIA data may also lack spatial resolution to detect smaller disturbances outside FIA 
plots, especially in areas where plot density is sparse. On the other hand, the Landsat satellite 
captures any recent disturbance greater than pixel resolution (30 m; 100 ft) that alters  
forest canopies, even those occurring outside FIA plot locations. ForCaMF utilizes all identified 
disturbance types including fire, harvest, insects, disease, and abiotic disturbances (e.g., wind, 
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ice). InTEC excludes disease and abiotic disturbances due to the complexity and uncertainty in 
including their effects in a process model. However, stand-replacing disturbances that are not 
attributed to a specific cause or occurred prior to the mapped satellite record, may be captured 
in the inventory-based stand-age data. In this case, these disturbances are included in the 
model and treated as stand-replacing fires (Zhang et al. 2012). Except for the Northern Region, 
which has had significant disease impacts as indicated by ForCaMF, both diseases and abiotic 
disturbances affect a relatively small percentage of national forests across the United States 
compared to other disturbance types. 

Although InTEC and ForCaMF both evaluate the effects of disturbances and management 
on C stocks, there are several key differences between the models that make direct comparison 
of their results difficult. ForCaMF models only the effects of disturbances and management on 
nonsoil C stocks, while InTEC tracks the complex C cycling through several soil C pools (fig. 5, 
table 2). Though soil C is often one of the largest single C pools in forest ecosystems, it is very 
stable and not significantly affected by disturbances. Additionally, ForCaMF is primarily 
tracking potential lost C storage as a result of disturbances and management, while InTEC is 
mostly focused on C stock changes and accumulations due to both disturbance and  
nondisturbance factors. Therefore, while these models complement one another, direct  
comparisons between the two should take into account these differences. 

Model results may also vary due to inherent differences in modeling approaches. For  
instance, CCT relies on allometric models of volume, species, and tree dimensions to convert 
tree measurements to biomass and to C (Woodall et al. 2011). ForCaMF is similar in that it also 
uses individual tree measurements and site characteristics within the FVS growth and yield 
model to simulate C stocks and trends. InTEC is fundamentally different as it is driven by a 
mathematical representation of biogeochemical cycles such as photosynthesis, N  
mineralization, and nutrient dynamics (Zhang et al. 2012, 2015). Thus, it does not rely only on 
biometrics. These distinctions in modeling techniques are likely to result in some discrepancies 
between forest C outputs from the three models.

Last, the area of forest land in each national forest may differ by model. Both CCT and 
ForCaMF use the FIA definition of forest land as areas at least 120 feet (36.6 meters) wide and 
1 acre (0.4 hectare) in size with at least 10 percent cover (or equivalent stocking) by live trees of 
any size, including land that formerly had such tree cover and that will be naturally or  
artificially regenerated (O’Connell et al. 2014). Thus, the amount of forest land can change over 
survey years given deforestation or afforestation activities or administrative boundary changes. 
However, the changes in FIA sampling design, protocols, and definitions in the late 1990s can 
introduce discontinuity in attributes such as total forest land area and consequently C 
estimates over time (Goeking 2015; Woodall et al. 2011). InTEC uses a single forest (or  
dominance) type map based in part on FIA data (Ruefenacht et al. 2008) and, where  
available, data sampled by the NFS (e.g., USDA FS 2015j). The model therefore assumes there 
is no change in area of forest land over the study period. While the extent of the effects of such 
modeling disparities on forest C estimates has not been evaluated, it is important to consider 
that model results for individual forests may differ, sometimes considerably, for a variety of 
reasons. 

Integration of Modeled Results
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Regional Results - Eastern Region

6. Regional Results

6.1 Eastern Region

6.1.1 Description of Region

The Eastern Region (also referred to as Region 9) in the National Forest System (NFS) 
consists of 14 national forests from Maine to Minnesota in the north and Maryland to Missouri 
in the south (fig. 6). The analysis of factors contributing to C stocks and trends was conducted 
only on the forested areas of these national forests, so the Midewin National Tallgrass Prairie 
in Illinois was not included. To restrict the analysis to lands managed by the Forest Service, 
U.S. Department of Agriculture, any private inholdings within national forest boundaries were 
excluded. 

Figure 6. Locations of the national forests in the Eastern Region.
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The history of Euro-American settlement, land use, and policies provides useful context for 
understanding the regional forest C trends that are indicated by the inventory and assessment 
results. The Eastern Region was the first region to be widely settled in the United States, so its 
forests have a long history of unregulated harvesting and conversion to agriculture. For much 
of the 19th century, the U.S. timber industry was centered in the Northeast, largely in the  
valuable white pine forests of the Lake States region, until the 1890s (see Appendix 1 for  
scientific names of species mentioned in this report). However, the depletion of merchantable 
timber products and the settlement of the West caused the logging industry to move westward. 
In addition to timber harvesting, fire was regularly employed to clear land for agriculture, 
but fires occasionally spread, causing the destruction of valuable timber resources. In the late 
1800s, several large wildfires destroyed millions of acres of forested land in Michigan,  
Wisconsin, and Minnesota. By 1900, some 300 years after Euro-Americans first settled the 
region, the need for forest restoration and protection became evident (Conrad 1997). 

After passage of the Weeks Act in 1911  (PDF, 37KB), the Forest Service began buying large 
areas of these heavily cut-over and submarginal lands, referred to as “the lands nobody  
wanted” (Shands 1992), throughout the eastern United States. By 1920 approximately 2 million 
acres (800,000 hectares) of excessively logged and degraded land was purchased as  
national forest land. Soon forest restoration and recovery became the new goal. With help from 
the Civilian Conservation Corps, millions of trees were planted, erosion was controlled, and 
forest fires were fought (Williams 2003). The suspension of the use of fire for clearing land, the 
increased effort to suppress fires, and the forest restoration efforts allowed forests to regrow 
and increased stocking of trees. In the 1940s the timber industry in the Eastern Region started 
to pick up steam again. Timber production increased throughout much of the mid-1900s,  
peaked in the late 1980s, and then declined rapidly in the 1990s and 2000s (Loeffler et al. 
2014b). This history of timber harvesting and forest restoration in the Eastern Region played 
an important role in shaping forest C dynamics over time. 

In addition to timber harvesting and fires, natural disturbances including storms and  
insects have impacted forests and C stocks in this region. For example, in 1999 a massive wind 
and rain storm known as the “Independence Day Windstorm” caused an unprecedented blow-
down of trees across Superior and Chippewa National Forests (Mattson and Shriner 2001; 
Nelson et al. 2009). In 2009 a historic derecho (storm with straight-line winds) plowed down 
some 80,000 to 90,000 acres (32,000 to 36,000 hectares) of forest in the Mark Twain  
National Forest (Vaughn 2013). Though insect outbreaks in the Eastern Region have been  
relatively small and resulted in lower mortality or removal compared to harvests and wind-
storms, the spread and severity of insect outbreaks including the hemlock woolly adelgid,  
eastern spruce budworm, forest tent caterpillar, and emerald ash borer are projected to  
intensify with continued climate change (Dukes et al. 2009). 

6.1.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Eastern Region are displayed in figure 7. The disturbance 
maps were derived from Landsat satellite imagery; a systematic process of manual editing and 
attribution of disturbance type using spatial records of harvests, fire, and insects; and high- 
and medium-resolution imagery. Harvest was the most common and consistent type of forest 

https://www.fs.fed.us/land/staff/Documents/Weeks%20Law.pdf
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disturbance in the Eastern Region, although harvest rates never greatly exceeded 0.25 percent 
of the landscape, and there was a general downward trend from the early 1990s to 2011 (fig. 7). 
Occasional fires and windstorms (labeled “abiotic” in figure 7) caused notable mortality, and 
localized insect outbreaks were detected in several years. Over this period, disturbances  
exhibited a relatively even mix of low to high intensities.  
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Figure 7. Annual rates of disturbance (0 to 1 percent) in the Eastern Region, mapped using visual  
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

6.1.3 Effects of Disturbance and Management Activities 

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Eastern Region in  
figure 8. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation to the 
amount of C that would have been stored in the absence of the particular disturbance process. 
This means that the impact of a disturbance is felt beyond the year it happens. If fires first 
occur in 1997, for example, the line for fire in figure 8 will only start to diverge from zero in that 
year. The fire line may continue to diverge because ForCaMF’s accounting of postfire C stocks 
will (realistically) reflect gradual release of fire-killed material, partially offsetting C gained 
through regrowth and persistently increasing the difference between postfire C storage and 
storage likely under an “undisturbed” scenario. Thus, figure 8 reflects the real-time impact of 
disturbance on the forest’s ability to store C in relation to storage likely in the absence of  
disturbance.

As mentioned, harvest activity was the dominant type of disturbance within the region 
during the study period, and had the largest impact on C stocks. Harvests occurring from 1990 
to 2011 reduced 2011 storage by approximately 154 g/m2 or 1.54 Mg/ha (fig. 8), or about 81  
percent of the disturbance impact on stocks (fig. 9). By 2011, this represented a reduction of 
about 1.6 percent of the regional nonsoil C stocks (fig. 10) that were reported in the NFS base-
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line assessment derived from FIA data (USDA FS 2015b). These patterns do not account for 
offsite storage of C in wood products. Temporary storage of forest C in products and disposal 
sites can last for decades, significantly delaying climate impacts resulting from atmospheric 
emissions. Information about the region’s storage of C in wood products can be found in the 
baseline C assessment (USDA FS 2015b). 
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Figure 8. The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Eastern Region. The difference in storage for each year is shown between an “undisturbed” scenario and a 
scenario that includes only observed amounts of the specified type of disturbance. Error bars represent a  
95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha. 
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Figure 10. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each  
national forest and for all national forests combined in the Eastern Region. Percent reduction represents how 
much nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.

Wind and fire also had significant impacts on C storage in the region, making up 10 percent 
and 9 percent of the total effects of disturbance, respectively (fig. 9). Wind resulted in the loss 
of 0.2 percent of nonsoil C stocks, and fires accounted for a 0.1-percent loss. These  
disturbances were concentrated in a few years (fig. 7), although figure 8 illustrates how  
residual effects of discrete events (such as slowly decomposing dead material) can cause  
ongoing divergence of the amount of C that is stored versus the amount of C that could be 
stored. The highly localized nature of the region’s fire and wind events and their consequent C 
impacts is discussed for individual forests (Appendix 3: Eastern Region (PDF, 3.4 MB)). The 
low level of detected insect activity was noteworthy given the relatively high profile of insect 
events in the region. One reason for this discrepancy may simply be that by the end of the  
period (2011), the spread of emerald ash borer was still fairly localized. Further, there was a  
requirement built into the disturbance-mapping process that canopy mortality must be  
sustained. Seasonal or temporary defoliation due to gypsy moth activity was widely noted, for 
example, but imagery from subsequent dates often showed no permanent loss of canopy, so 
these areas were not included in maps of disturbance. This rule was not to imply that these 
events were not disturbances; it was instead based on the assumption that loss of a single year’s 
foliage had little impact on C storage or stand dynamics. In addition to affecting estimates of 
insect activity in the Eastern Region, this rule also significantly reduced the amount of area 
mapped as “disturbed” due to hurricanes in the Southeast.

https://www.fs.fed.us/sites/default/files/Appendix-3-NFS-Disturbance-Carbon-Assessment-Eastern-Region.pdf
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One caveat must be stated about the confidence intervals depicted in figure 8. The unit of 
analysis for ForCaMF was the national forest (Appendix 3: Eastern Region (PDF, 3.4 MB)); 
rates of simulated error were constrained by FIA estimates at that level. Regional  
aggregation used a secondary Monte Carlo analysis based on the uncertainty of each individual 
forest result, and it assumed that the errors in one forest were independent of errors in other 
forests. This assumption very likely overstated certainty at the regional level; if initial biomass  
estimates in one forest were high, for example, the same estimates were also likely to be  
biased high in other units. This caveat does not change the overall trends seen at the  
aggregated regional level, nor does it affect confidence intervals assessed at the national forest 
level. Harvests were clearly the most important disturbance process with respect to C storage, 
although fire and wind were locally important. 

6.1.4 Effects of Disturbance, Management, and Environmental Factors 

This section provides a regional summary of the predicted (modeled) effects of natural  
disturbances, land management, and environmental factors on forest C dynamics depicted in  
a series of figures (figs. 11–14) generated from InTEC model inputs and simulations for 
individual national forests and summed results across all national forests in the Eastern  
Region. These regional-scale outputs were generated only from the national forest-specific 
datasets; therefore, these outputs do not represent lands within the region that are outside 
of the national forest boundaries. The Appendix 3: Eastern Region (PDF, 3.4 MB) shows the 
effects of disturbance and nondisturbance factors on forest C dynamics within each of the 14 
national forests as modeled by InTEC with this same series of figures. 

According to the historical data and model results, forest C trends across the national  
forests in the Eastern Region have been strongly influenced by the history of land use and  
policies as well as climate change and atmospheric CO2 concentrations. Despite variation 
among national forests, the regionwide stand-age distribution in 2011 shows that about 50 
percent of the forests are greater than 80 years old (fig. 11). The stand-age distribution also 
indicates a period of elevated stand establishment occurring about 70 to 100 years before 2011, 
or from 1910 to 1940 (fig. 11). During the 1940s and thereafter, the rate of stand establishment 
sharply declined. This early-1900s pulse of stand establishment reflects forest recovery and 
regeneration after decades of heavy logging and clearing of land for agriculture. Depending on 
the forest-type group, which is mostly oak/hickory and maple/beech/birch (fig. 11), the stands 
making up this pulse of establishment would have been growing at maximum productivity 
when they were about 30 to 50 years old (fig. 12), or around 1940 through most of the  
mid-20th century. By the 1980s, most of the forests in the Eastern Region had aged beyond 
their peak productivity, according to the NPP-age relationships. Thus, productivity has since 
declined although the forests have not yet reached their potential C stocks (Hoover et al. 2012). 

Both temperature and precipitation have increased slightly over the past few decades in the 
Eastern Region (figs. 13a,b). Warmer temperatures can increase soil respiration and  
evaporative demands, leading to water stress and declines in net ecosystem productivity.  
Consequently, more C is released to the atmosphere. On the other hand, the wetter conditions 
enhance productivity and growth rates. Although long-term climate trends may be subtle,  
interannual weather variability has been high with several years of notable climatic extremes. 

https://www.fs.fed.us/sites/default/files/Appendix-3-NFS-Disturbance-Carbon-Assessment-Eastern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-3-NFS-Disturbance-Carbon-Assessment-Eastern-Region.pdf
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Figure 11. Age-class distribution in 2011 shown as the percentage of forest land in each forest-type group in  
10-year age classes summed across the national forests in the Eastern Region (see Appendix 1 for scientific names 
of trees). 
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Figure 12. Relationship between net primary productivity (NPP) and stand age for each forest-type group  
averaged across all national forests in the Eastern Region (see Appendix 1 for scientific names of trees). Due to a 
small sample of other eastern softwood plots to derive NPP-age curves, the loblolly/shortleaf pine curve was used 
for these stands.
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For instance, much of the Eastern Region experienced a severe drought in the mid-1960s, as 
well as harsh summer heat waves in 1953 and 1998 (figs. 13a,b). Furthermore, the forests of 
theEastern Region have experienced some of the highest amounts of N deposition in the  
United States from the coal industry and automobile emissions. Nitrogen deposition has  
declined in the past decade due to regulations targeting emissions from power plants and  
automobiles (fig. 13c). Atmospheric CO2 concentrations have increased globally over the past 
few decades and are expected to continue to rise as a result of human activities.

The C stock changes across the national forests in the Eastern Region show that forests 
have mostly maintained a C sink from 1950 to 2011 (fig. 14c). Modeled results indicate that this 
C sink has been declining but may have stabilized over the past two decades. This decline in the 
C sink is a result of forests getting older on average and therefore growing more slowly, high-
lighted in the disturbance and aging effect (fig. 14b). The pulse of stands 70 to 100 years old 
(fig. 11) was most productive from the 1940s through approximately the 1970s, but as forests 
continued to age, their productivity declined (fig. 12). This decline was coupled with lower rates 
of stand establishment starting in the 1940s (fig. 11). Aside from a few large disturbance events, 
such as the windstorms in 1999 and 2009, recent disturbances in the Eastern Region have been 
small and of low magnitude (fig. 7); thus, C emissions from disturbances have also remained 
low (fig. 14e). As a result, low rates of stand establishment have been persistent since the 1940s 
and the forest continues to be dominated by these aging stands (fig. 11). 

In the early 1950s climate had a mostly negative effect on changing C stocks, causing a  
lower rate of C accumulation than in more recent years (fig. 14d), which have been  
characterized by elevated temperatures (fig. 13b). Aside from this early period and a few  
notably warmer years such as 1998, climate has mostly enhanced the C sink, but overall had a 
small effect on total C accumulation (fig. 14d). Both the increases in N deposition (fig. 13c) and 
atmospheric CO2 concentrations have had consistently positive effects on changing C stocks 
and C accumulation across all forests in this region (figs. 14a,d). The N deposition effect has 
mostly stabilized due to declining N deposition rates (fig. 13c) and the potential saturation of N 
in the forests. However, the CO2 effect has steadily increased, causing significant C  
accumulation (fig. 14d). Overall, the positive effects of climate, atmospheric CO2, and N  
deposition helped to offset the decline in C stocks due to disturbance and aging effects such 
that the C stock change and C accumulation due to all effects has stabilized (figs. 14b–d).  
National forests in the Eastern Region had a combined net gain of 300 Tg of total ecosystem C, 
including soil C, between 1950 and 2011 (fig. 14d). 

Regional Results - Eastern Region



     36								 USDA Forest Service RMRS-GTR-402.  2019

Regional Results - Eastern Region

0
20
40
60
80

100
120
140
160

1951 1961 1971 1981 1991 2001 2011

Pr
ec

ip
ita

tio
n 

(c
m

)

Year

(a)

Total precip
4

5

6

7

8

9

10

1951 1961 1971 1981 1991 2001 2011

Te
m

pe
ra

tu
re

 (°
C

) 

Year

(b)

Mean temp
0

10

20

30

40

50

60

70

1951 1961 1971 1981 1991 2001 2011

Ni
tr

og
en

 d
ep

os
iti

on
 (g

/m
2)

Year

(c)

Total Ndep

Figure 13a-c. (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen (N)  
deposition from 1951 through 2011 averaged across all national forests in the Eastern Region. Linear trend lines 
shown in black. 
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Figure 14a-e. Estimated forest carbon (C) changes and accumulations summed across the national forests in 
the Eastern Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, including 
climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all disturbance 
and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all nondisturbance  
factors combined; and (c) all factors combined, which is the sum of disturbance and aging and nondisturbance  
effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors and all factors 
combined from 1950 through 2010 excluding C accumulated pre-1950. (e) Direct C emissions to the atmosphere 
due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from the  
atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or  
decreases in C stocks.
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6.2 Southern Region

6.2.1 Description of Region

The Southern Region (also referred to as Region 8) in the National Forest System (NFS) 
contains 14 national forests or groups of national forests which have been administratively 
combined, spread across 13 States in the southeastern United States from Virginia to Florida 
and as far west as Texas and Oklahoma, as well as a national forest in Puerto Rico (fig. 15). The 
analysis of factors contributing to C stocks and trends was conducted only on the forested areas 
of these national forests, so national grasslands were not included. To restrict the analysis to 
lands managed by the Forest Service, any private inholdings within national forest boundaries 
were excluded. Due to a lack of key datasets, El Yunque National Forest in Puerto Rico was not 
included in this assessment. 

The history of development, land use, and policies provides useful context for  
understanding the regional forest C trends that are indicated by the inventory and  
assessment results. After the Civil War in the 1860s, agricultural expansion and large-scale 
timber extraction became the dominant driving forces of forest change in the South. The  

Figure 15. Locations of the national forests in the Southern Region. Not shown: El Yunque National Forest in 
Puerto Rico.
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timber industry soon became centered in the South, and by 1919 the region was producing 37 
percent of U.S. lumber (Williams 1989). During this period, most of the remaining primary 
forests of the South were harvested, and much of the previous forest land was replaced with 
agriculture and grazing. 

After passage of the Weeks Act in 1911, the Forest Service began buying large areas of these 
heavily cut-over and submarginal lands, referred to as “the lands nobody wanted” (Shands 
1992), throughout the eastern United States. By 1920 approximately 2 million acres (800,000 
hectares) of excessively logged and degraded land was purchased as national forest land. Soon 
forest restoration and recovery became the new goal. With help from the Civilian Conservation 
Corps, millions of trees were planted, erosion was controlled, and forest fires were fought  
(Williams 2003). The increased effort to suppress fires allowed forests to regrow, which  
increased stocking of trees. As these forests were restored, the timber industry was also  
revived. From 1936 to the mid-1950s, timber harvests increased steadily and peaked in the 
mid-1980s before declining steeply in the 1990s into the 2000s (Loeffler et al. 2014c). The 
restoration of southern national forests not only is a conservation success story but also shaped 
the legacy of forest C dynamics in the region. 

In addition to land use and policies, natural disturbances have played an important role 
in the forest C trends in the Southern Region. Except for timber harvesting, fire is the most 
common disturbance affecting southern forests. Major wildfires occurred during the droughts 
of the 1930s and 1950s. As research and experience increased understanding of the important 
role of fire in forest ecosystems, prescribed fire was again used in the South in recent decades 
to reduce hazardous fuels. Despite prescribed burning to keep hazardous fuels in check, wild-
fires—most of them human caused (Stanturf et al. 2002)—are still common in the South. The 
Southern Region also experiences tropical storms and hurricanes that can significantly affect 
forests. For instance, in 1989 Hurricane Hugo devastated some 3.5 million acres (1.4 million 
hectares) of the Francis Marion National Forest (Sheffield and Thompson 1992). Outbreaks of 
insects such as the southern pine beetle and gypsy moth have also impacted forest productivity, 
C cycling, and overall ecosystem health. 

6.2.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Southern Region are displayed in figure 16. The disturbance 
maps were derived from Landsat satellite imagery; a systematic process of manual editing and 
attribution of disturbance type using spatial records of harvests, fire, and insects; and high- 
and medium-resolution imagery. Regional disturbance patterns are marked by declining (and 
low) harvest levels, periodic large fire years (including 2000, 2004, and 2007), and a recent 
increase in insect activity. Of all disturbance types, harvests affected the greatest amount of 
forested area from 1990 to 2011, although annually harvests never exceeded 0.5 percent of the 
forested area. From 1990 to 2011, disturbances on about two-thirds of the forest land area were 
low to moderate intensity (<50 percent change in canopy cover). Validation activities for the 
disturbance maps in this region showed that the effects of hurricanes were underrepresented in 
the maps, and were thus underrepresented in subsequent ForCaMF assessments of C impact.
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Figure 16. Annual rates of disturbance (0 to 1 percent) in the Southern Region, mapped using visual  
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

6.2.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Southern Region 
in figure 16. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation to the 
amount of C that would have been stored in the absence of the particular disturbance process. 
This means that the impact of a disturbance is felt beyond the year it happens. If fires occur 
only in 2006, for example, the line for fire in figure 17 will only start to diverge from zero in 
that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire C 
stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an “undisturbed” scenario. Thus, figure 17 reflects the real-time  
impact of disturbance on the forest’s ability to store C in relation to storage likely in the  
absence of disturbance.

Forest harvest from 1990 to 2011 accounted for about two-thirds of the impact of  
disturbance on 2011 C stocks (figs. 17, 18). By 2011, this represented a 2.4-percent reduction in 
the regional nonsoil C stocks (fig. 19) that were reported in the NFS baseline C assessment  
derived from FIA data (USDA FS 2015h). While harvest rates have been relatively steady in 
terms of area, and were consistently higher than in other NFS regions, they never affected more 
than 0.5 percent of the landscape in a single year. These patterns do not account for offsite 
storage of C in wood products. Information about the region’s product C storage can be found 
in the baseline C assessment (USDA FS 2015h).

Fire was responsible for approximately one-fourth of the region’s observed disturbance  
impact (fig. 18), although that impact was not uniformly distributed (fig. 19). As described in 
Appendix 4: Southern Region (PDF, 4.1MB), the impact of fire per unit area in the National 
Forests in Florida was greater thanthe impact of all combined disturbance types in any national 
forest elsewhere in the region. Fires represented 59 percent of the total 1990 to 2011  

https://www.fs.fed.us/sites/default/files/Appendix-4-NFS-Disturbance-Carbon-Assessment-Southern-Region.pdf
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Figure 17. The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Southern Region. The difference in storage for each year is shown between an “undisturbed” scenario and a 
scenario that includes only observed amounts of the specified type of disturbance. Error bars represent a  
95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.
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Figure 18. Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Southern Region for the period 1990 through 2011.
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Figure 19. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each  
national forest and for all national forests combined in the Southern Region. Percent reduction represents how 
much nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.

sequestration potential lost to disturbance in Florida, while that percentage was 28 percent 
for the Cherokee and 23 percent for the Francis Marion and Sumter National Forests. Fire was 
a more minor component of disturbance for the rest of the region, resulting in the loss of 0.9 
percent of nonsoil C stocks by 2011 (fig. 19).

The effect of insects on C storage accounted for approximately 5 percent of the disturbance 
impact in the region during the study period (fig. 18), and a 0.2-percent decline in total nonsoil 
C stocks by 2011 (fig. 19). Losses were centered on the George Washington and Jefferson  
National Forests (38 percent of losses) and the Cherokee National Forest (25 percent of losses). 
The timing of the outbreaks responsible for these effects can be seen in figure 16, keeping in 
mind that release of C associated with mortality in any one year is spread out over many  
subsequent years.

By 2011, wind resulted in a 0.1-percent reduction in total nonsoil C storage in the  
Southern Region (fig. 19). Wind damage made up only 4 percent of disturbance-related losses 
in the period (fig. 18). This is a surprisingly low percentage, given the high profile of hurricane 
activity in the region and the observed impact of tornado events in forests largely unaffected 
by hurricanes (e.g., the Ozark St. Francis National Forest). In addition to the omission of some 
storm effects in the disturbance map, mentioned earlier, several factors may have contributed 
to the difference between perceived impact and what was observed. First, because the study 
period began in 1990, it missed the extensive effects of Hurricane Hugo in 1989. More subtly, 
the disturbance records used in this assessment intentionally avoided areas where ephemeral 
processes temporarily reduced foliage cover but did not result in permanent forest structure 
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change. This distinction was made using subsequent high- and Landsat-resolution imagery. 
For C accounting purposes ForCaMF therefore ignored temporary defoliation events caused by 
storms (or insects), based on the assumption that relatively little C is affected in the loss of a 
single flush of foliage. Last, because there is no “wind” keyword in FVS, the C effects of mapped 
hurricanes were approximated by implementing harvest dynamics that left all material on the 
site. This workaround may have underestimated the C release rate. 

One caveat must be stated about the confidence intervals depicted in figure 17. The unit of 
analysis for ForCaMF was the national forest (Appendix 4: Southern Region (PDF, 4.1MB)); 
rates of simulated error were constrained by FIA estimates at that level. Regional 
aggregation used a secondary Monte Carlo analysis based on the uncertainty of each individual 
forest result, and it assumed that the errors in one forest were independent of errors in other 
forests. This assumption very likely overstated certainty at the regional level; if initial biomass 
esti-mates in one forest were high, for example, the same estimates were also likely to be 
biased high in other regions. This caveat does not affect overall trends seen at the aggregated 
regional level, nor does it affect confidence intervals assessed at the national forest level. 
Harvest was the dominant disturbance process with respect to C cycling, and fire was 
important in some parts of the region, particularly Florida. 

6.2.4 Effects of Disturbance, Management, and Environmental Factors 

This section provides a regional summary of the predicted (modeled) effects of natural 
disturbances, land management, and environmental factors on forest C dynamics depicted in a 
series of figures (figs. 20–23) generated from InTEC model inputs and simulations for  
individual national forests and summed results across all national forests in the Southern  
Region. These regional-scale outputs were generated only from the national forest- 
specific datasets; thus, these outputs do not represent lands within the region that are outside 
of the national forest boundaries. The Appendix 4: Southern Region (PDF, 4.1MB) shows the 
effects of disturbance and nondisturbance factors on forest C dynamics within each of the 14 
national forests as modeled by InTEC with this same series of figures.

According to the historical data and model results, forest C trends across the national 
forests in the Southern Region have been strongly influenced by the history of land use and 
land management policies. Although there is significant variability among national forests, the 
regionwide stand-age distribution in 2010 shows that most stands in the Southern Region are 
older (>70 years old) with a distinctive pulse of stands which established about 70 to 100 years 
earlier, or from approximately 1910 to 1940 (fig. 20). After 1940, the rate of stand  
establishment dramatically declined. This pulse of stand establishment during the early to  
mid-1900s reflects forest recovery and regeneration after decades of heavy logging and  
clearing of land for agriculture. Depending on the forest-type group, which was mostly oak/
hickory, oak/pine, or loblolly/shortleaf pine (fig. 20), the stands making up this pulse of  
establishment would have been growing at maximum productivity when they were 30 to 45 
years old (fig. 21), or around 1940 through the 1960s (see Appendix 1 for scientific names of 
species mentioned in this report). Forests in the Southern Region show another much  
smaller pulse of stands 20 to 30 years old, which established from 1980 to 1990. This second 
pulse reflects recovery after a range of natural and anthropogenic disturbances such as the  
Kisatchie Hills Fire in Louisiana in 1987 (Kulhavy and Ross 1988), Hurricane Hugo in 1989, 

Regional Results - Southern Region

https://www.fs.fed.us/sites/default/files/Appendix-4-NFS-Disturbance-Carbon-Assessment-Southern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-4-NFS-Disturbance-Carbon-Assessment-Southern-Region.pdf


USDA Forest Service RMRS-GTR-402.  2019								 43

Regional Results - Southern Region

0
2
4
6
8

10
12
14
16
18
20

Pe
rc

en
ta

ge
 o

f f
or

es
t 

Stand age (years)

Aspen/Birch
Maple/Beech/Birch
Elm/Ash/Cottonwood
Oak/Gum/Cypress
Oak/hickory
Oak/pine
Other eastern softwoods
Loblolly/shortleaf pine
Longleaf/Slash pine
Spruce/fir
White/Red/Jack pine

0

2

4

6

8

10

12

14

0 20 40 60 80 100 120 140 160 180 200

NP
P 

(t
C 

ha
-1

 yr
-1

)

Stand age (years)

White/Red/Jack pine Longleaf/Slash pine
Loblolly/Shortleaf pine Oak/Pine
Oak/Hickory Oak/Gum/Cypress
Elm/Ash/Cottonwood Maple/Beech/Birch
Aspen/Birch

Figure 20. Age-class distribution in 2010 shown as the percentage of forest land in each forest-type group in 
10-year age classes summed across the national forests in the Southern Region (see Appendix 1 for scientific
names of trees).
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Figure 21. Relationship between net primary productivity (NPP) and stand age for each forest-type group 
averaged across all national forests in the Southern Region (see Appendix 1 for scientific names of trees). 
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Figure 22a-c. (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1950 through 2011 averaged across all national forests in the Southern Region. Linear trend lines 
shown in black. 
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Figure 23a-e. Estimated forest carbon (C) changes and accumulations summed across the national forests in 
the Southern Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, including 
climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all disturbance 
and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all nondisturbance  
factors combined; and (c) all factors combined, which is the sum of disturbance and aging and nondisturbance  
effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors and all factors 
combined from 1950 through 2010 excluding C accumulated pre-1950. (e) Direct C emissions to the atmosphere 
due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from the  
atmosphere, or increases in C stocks, whereas negative values represent net C sources to the  
atmosphere, or decreases in C stocks.
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and a spike in timber harvesting in the mid-1980s (Loeffler et al. 2014c). 
The climate in the Southern Region has become slightly wetter over the past few decades. 

On the other hand, temperature trends have varied over time, with warmer temperatures in the 
1950s, a decline in temperatures from the 1960s to 1980s, followed by another warming period 
through 2010 (figs. 22a,b). Though change may be minimal over the long term, interannual  
climate variability has been high with several years of notable climatic extremes. For instance, 
the Southern Region experienced a prolonged drought compounded with above-average  
temperatures for much of the 1950s. A prominent summer heat wave in 1998 as well as severe 
drought conditions in 2007 occurred across much of the southern United States. Warmer  
temperatures and a drier climate can increase soil respiration and evaporative demands, 
leading to water stress and declines in net ecosystem productivity. Consequently, more C is 
released to the atmosphere. Both atmospheric CO2 concentrations and N deposition (fig. 22c) 
have increased over the past few decades as a result of human activities. Nitrogen deposition 
has been slowly declining since the early 2000s. 

The C stock changes across the national forests in the Southern Region show that forests 
were mostly a C sink from the 1950s through the 1970s, then switched to mostly a C source  
(fig. 23c) according to the modeled results. This shift from a sink to a source is primarily a 
result of forests getting older on average and therefore growing more slowly, although climate 
effects have also played an important though highly variable role (figs. 23a,b). The decline in C 
stocks due to disturbance and aging can largely be explained by the stand-age distribution. The 
pulse of stands 70 to 100 years old (fig. 20) was growing at maximum productivity for much of 
the 1950s and 1960s, but as forests continued to age, their productivity declined (fig. 21) and 
C losses from decomposition became larger than C gains. This decline was coupled with lower 
rates of stand establishment in the mid-1900s. 

Since the late 1990s, the decline in C accumulation has become less steep, most likely due to 
the recovery after disturbances in the 1980s and 1990s. These more recent disturbances caused 
increases in direct C emissions (fig. 23e), but also promoted regrowth and recovery (fig. 20). In 
about a decade, these stands will be highly productive (fig. 21) and may be able to offset the C 
losses due to the mostly older, less productive stands. 

In the 1950s climate had a mostly negative effect on C accumulation, most likely due to the 
prolonged drought and warmer temperature (figs. 22a,b). Aside from several notably  
warmer years such as 1990 and 1998, climate has had a mostly positive effect on changing C 
stocks from 1950 through 2010 (figs. 23a,d). The increases in N deposition (fig. 22c) and  
atmospheric CO2 concentrations have both had positive effects on changing C stocks and C 
accumulation across all forests in this region (figs. 23a,d). The N deposition effect started to 
stabilize and decline in the 2000s due to declining N deposition rates (fig. 22c). Overall, the 
positive effects of climate, atmospheric CO2, and N deposition helped to offset the C losses due 
to disturbances and aging such that when combined the national forests in the Southern  
Region experienced a slight net gain of 7.2 Tg of total ecosystem C, including soil C (fig. 23d) 
between 1950 and 2010. 

Regional Results - Southern Region



     46								 USDA Forest Service RMRS-GTR-402.  2019

Regional Results - Northern Region

6.3 Northern Region

6.3.1 Description of Region

The Northern Region (also referred to as Region 1) in the National Forest System (NFS) 
consists of 11 national forests spread across northwestern South Dakota, Montana, northern 
Idaho, and northeastern Washington (fig. 24). The analysis of factors contributing to C stocks 
and trends was conducted only on the forested areas of these national forests, so national 
grasslands such as the Dakota Prairie Grasslands in North Dakota were not included. To  
restrict the analysis to lands managed by the Forest Service, any private inholdings within  
national forest boundaries were excluded. 

Figure 24. Locations of the national forests in the Northern Region.
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The history of Euro-American settlement, land use, and policies provides useful context for 
understanding the regional forest C trends that are indicated by the inventory and assessment 
results. Euro-American settlement first expanded into the Northern Region in the early 1800s, 
but it was not until the mid- to late 1800s that the major influx of permanent settlers arrived 
and began altering the landscape. In the 1880s, large areas of land, typically in valleys, were 
cleared for agriculture, settlements, and railroad expansion. By the 1890s, the completion of 
the railroad opened up new, national markets that propelled the growth of the region’s forest 
products industry. The railroad also brought more settlers to the region. Although timber  
harvesting began on a small scale in the late 1800s and continued to expand and intensify 
through the early 1900s (Baker et al. 1993), it was not until the 1940s that the Northern Region 
experienced large-scale logging operations on national forest lands. Harvest volumes in the 
Northern Region greatly declined by the 1990s (Stockmann et al. 2014b).

In addition to timber harvesting, the forest C legacy of the Northern Region is tied to its 
history of fires and fire management. For instance, thousands of acres of the region’s forests 
were burned by large fires in 1889, prior to the organization of a firefighting system and look-
out towers. After the devastating 1910 fire season, which left some 3 million acres (1.2 million 
hectares) of forest land scorched in Idaho and Montana, fire protection came to the forefront of 
Forest Service policies. The Forest Service introduced a national fire suppression policy, which 
entailed intensive efforts to prevent, detect, and suppress all wildfires (Baker et al. 1993; Pyne 
1982). A policy shift from fire control to fire management in the 1970s allowed natural fires to 
burn across landscapes where considered safe and appropriate, in an attempt to restore  
historical fire regimes (Pyne 1982).

Both land use history and recent changes in climate have led to large and intense  
disturbances in the Northern Region over the past few decades. The Northern Rockies have 
experienced increases in large wildfires that burn longer, as well as longer fire seasons; much 
of this change is due to warming temperatures and droughts (Westerling et al. 2006). Over the 
past few decades, severe bark beetle outbreaks affecting several dominance types (see  
Appendix 1 for description of dominance types) caused widespread tree mortality, reducing 
forest C uptake and increasing future emissions from the decomposition of killed trees (Kurz et 
al. 2008). 

6.3.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Northern Region are displayed in figure 25. The disturbance 
maps were derived from Landsat satellite imagery; a systematic process of manual editing and 
attribution of disturbance type using spatial records of harvests, fire, and insects; and high- 
and medium-resolution imagery. Regional disturbance patterns have been marked by  
declining (and low) harvest levels, periodic large fire years (including 2000, 2004, and 2007), 
and a recent increase in insect activity. Fire has been the dominant disturbance type,  
accounting for about two-thirds of all disturbances and affecting a total of about 5 percent of 
the forests between 1990 and 2011. Over this period, disturbances exhibited a relatively even 
mix of low and high intensities.
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Figure 25. Annual rates of disturbance (0 to 2 percent) in the Northern Region, mapped using visual  
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

In addition to these processes, root disease is known to substantially affect stand dynamics 
in parts of the region (Byler and Hagle 2000). Much of the impact of root disease is manifested 
in reduced growth rates and suppression of regeneration, which can be difficult to detect using 
remote sensing. However, FIA maintains a regional root disease severity variable (over nine 
classes), and at the time of this analysis, results had been processed by Northern Region staff 
for an area covering six of the region’s forests: Lolo, Bitterroot, Nez Perce Clearwater, Flathead, 
Idaho Panhandle, and Kootenai. Twenty-nine percent of the subplots in those forests had  
detectable signs of root disease in the last available measurement. This assessment assumed 
this rate of infection to be constant throughout the study period, although infection is dynamic 
and generally grows over time. While root disease can remain on a site for decades and  
infection in the region was well established before 1990 (Byler et al. 1990), the assumption may 
have resulted in some degree of overestimation of disease prevalence early in the study  
period. On the other hand, no root disease was accounted for in forests not covered by the  
disease severity variable, certainly causing some omission of disease effects.

6.3.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Northern Region 
in figure 26. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation to the 
amount of C that would have been stored in the absence of the particular disturbance process. 
This means that the impact of a disturbance is felt beyond the year it happens. If fires first  
occur in 2000, for example, the line for fire in figure 26 will only start to diverge from zero 
in that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire 
C stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an “undisturbed” scenario. Thus, figure 26 reflects the real-time  
impact of disturbance on the forest’s ability to store C in relation to storage likely in the  
absence of disturbance.
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Figure 26. The impact of different kinds of disturbance, occurring from 1990 through 2010, on carbon (C) stores 
in the Northern Region. The difference in storage for each year is shown between an “undisturbed” scenario and a 
scenario that includes only observed amounts of the specified type of disturbance. Error bars represent a  
95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.

The long-term impact is especially evident in the estimated effects of harvest. Effects  
continue to increase, albeit very slowly (relative to C that would have been stored in the  
absence of harvest) even though harvest activity virtually ceased across the region during the 
1990s. These patterns do not account for offsite storage of C in wood products. Information 
about the region’s product C storage can be found in the NFS baseline C assessment (USDA 
FS 2015d). Few fires were detected during the early 1990s, so the line for fire starts near zero. 
However, following an increase in large fires that began around 2000, the impact of fire on C 
stocks greatly increased. The residual effects of these fires are likely to persist (and perhaps 
increase) through future decades both because C added through recovery may not equal C that 
would have been added through continued growth, and because decomposing material killed 
by the fire will offset C added through recovery. By 2011, fires resulted in a 1.6-percent  
reduction in the regional nonsoil C stocks (fig. 28) that were reported in the baseline C  
assessment (USDA FS 2015d). 

Recent increases in the area affected by insect activity (fig. 25) are translated into recent 
increases in the impact of insects on C storage (fig. 26). Root disease was a dominant  
disturbance factor (fig. 27) because it affects a large portion of the region, and because its 
steady suppression of growth and regeneration chronically limits the ability of affected stands 
to add C. Disease impacts from 1990 through 2011 resulted in the loss of 1.0 percent of nonsoil 
C storage (fig. 28). 

One caveat must be stated about the confidence intervals depicted in figure 26. The unit of 
analysis for ForCaMF was the national forest; rates of simulated error were constrained by FIA 
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estimates at that level. The regional aggregation used a secondary Monte Carlo analysis based 
on the uncertainty of each individual forest result, and it assumed that the errors in one forest 
were independent of errors in other forests. This assumption very likely overstated certainty at 
the regional level; if initial biomass estimates in one forest were high, for example, the same  
estimates were also likely to be biased high in other units. This caveat does not change the 
overall trends seen at the regional level, nor does it affect confidence intervals assessed at the 
national forest level. Fire is clearly the dominant process, but root disease also strongly affects 
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Effect of Different Disturbances, 1990-2011, on 
Carbon Storage in the Northern Region

Figure 27. Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Northern Region for the period 1990 through 2011. 

C storage in the region (figs. 27, 28). The importance of insect activity, while currently  
relatively small, was virtually undetectable through the 1990s. Its growing importance parallels 
recent increases in the area affected (fig. 25).

6.3.4 Effects of Disturbance, Management, and Environmental Factors

This section provides a regional summary of the predicted (modeled) effects of natural 
disturbances, land management, and environmental factors on forest C dynamics depicted in a 
series of figures (figs. 29–32) generated from InTEC model inputs and simulations for  
individual forests and summed results across all national forests in the Northern Region. These 
regional-scale outputs were generated only from the national forest-specific datasets; thus, 
these outputs do not represent lands within the region that are outside of the national forest 
boundaries. The Appendix 5: Northern Region (PDF, 2.9MB) shows the effects of disturbance 
and nondisturbance factors on forest C dynamics within each of the 11 national forests as 
modeled by InTEC using this same series of figures.

According to the historical data and model results, forest C trends across the national  
forests in the Northern Region have been strongly influenced by the history of land use and 
policies as well as climate change and natural disturbances. Despite variation among these  
national forests, the regionwide stand-age distribution in 2010 shows that most stands are 

https://www.fs.fed.us/sites/default/files/Appendix-5-NFS-Disturbance-Carbon-Assessment-Northern-Region.pdf
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Figure 28. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2010, by each  
national forest and for all national forests in the Northern Region. Percent reduction represents how much nonsoil 
carbon was lost from the baseline forest inventory carbon stock estimates.

older (>80 years old) with a distinctive pulse of stands which established about 80 to 110 years 
earlier, or from approximately 1900 to 1930 (fig. 29). After 1930 the rate of establishment  
dramatically declined. This early-1900s pulse of stand establishment may be a result of  
regeneration after the last major fires before fire suppression, such as those in 1889 or 1910, or 
after timber harvests, which intensified in the early 1900s (Baker et al. 1993). Fire suppression, 
which began in the early 1900s, would have allowed more of these young, regenerating stands 
to survive and continue regrowing rather than being disturbed at the more natural rate of fires 
(Pyne 1982). Depending on the forest dominance type, which is mostly Douglas-fir and  
subalpine fir, stands making up this pulse of establishment would have reached maximum  
productivity between 30 and 60 years of age (fig. 30), or throughout the mid- to late 20th  
century. Forests in the Northern Region show another pulse of young stands (<20 years old) 
(fig. 29) that established between 1990 and 2010, suggesting regeneration after recent large 
and often severe disturbances—mostly fires.

Climate has on average become warmer and slightly drier in this region (figs. 31a,b).  
Warmer temperatures and a drier climate can increase soil respiration and evaporative  
demands, leading to water stress and declines in net ecosystem productivity. Consequently, 
more C is released to the atmosphere. As climate continues to change, this region is expected 
to get even warmer and potentially drier into the future. Both atmospheric CO2 concentrations 
and N deposition (fig. 31c) have increased over the past few decades as a result of human  
activities. 
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Figure 29. Age-class distribution in 2011 shown as the percentage of forest land in each forest dominance group 
in 10-year age classes summed across the national forests in the Northern Region (see Appendix 1 for description 
of dominance types). 
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Figure 30. Relationship between net primary productivity (NPP) and stand age for each forest dominance type 
averaged across all national forests in the Northern Region. Dominance types are Douglas-fir (PSME), subalpine 
fir (ABLA), lodgepole pine (PICO), ponderosa pine (PIPO), shade-tolerant mixed conifer (TMIX), and shade- 
intolerant mixed conifer (IMIX) (see Appendix 1 for description of dominance types). Due to a small sample of 
hardwood mixed (HMIX) plots to derive NPP-age curves, the IMIX curve was used for the HMIX stands. 
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Figure 31a-c. (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1950 through 2011 averaged across all national forests in the Northern Region. Linear trend lines 
shown in black.
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Figure 32a-e. Estimated forest carbon (C) changes and accumulations summed across the national forests in 
the Northern Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, including 
climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all disturbance 
and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all nondisturbance  
factors combined; and (c) all factors combined, which is the sum of disturbance and aging and nondisturbance  
effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors and all factors 
combined from 1950 through 2010 excluding C accumulated pre-1950. (e) Direct C emissions to the atmosphere 
due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from the  
atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or  
decreases in C stocks.
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The C stock changes across the national forests in the Northern Region show that together 
the forests have generally undergone a switch from a C sink to a C source (figs. 32 a–c) and a 
decline in accumulated C (fig. 32d). Disturbance and aging effects have been mostly  
responsible for declining C stocks (fig. 32b), and correspond to disturbances that shaped forest 
structure (fig. 29), the NPP-stand age relationships (fig. 30), and increasing disturbances in  
recent years (fig. 25). From 1950 to around 1980, the forests were mostly a C sink due to  
positive disturbance and aging effects, as the early-1900s pulse of stands was middle-aged and 
therefore growing at peak productivity. As these forests further aged, productivity declined, 
causing the rate of C accumulation to decline (fig. 32d). Meanwhile, the effects of disturbance 
were increasing to the point where C emissions due to decomposition and disturbances  
exceeded C gains, and as a result the forests became a C source (figs. 32b,c). This decline was 
coupled with lower rates of stand establishment in the mid-1900s. 

The ForCaMF model results indicate that disease caused a significant loss of potential C 
storage over the past two decades (fig. 26). The InTEC model did not explicitly consider the 
effects of disease disturbances. But if disease caused stand-replacing mortality, it would be 
reflected in the current age structure, and thus included in InTEC. However, any lower- 
severity disease disturbances were not directly modeled by InTEC. Therefore, it is likely that 
disturbance and aging caused the C source to be even greater in recent decades than the InTEC 
results suggest. 

Although recent disturbances initially caused increases in C emissions during the year of 
the disturbance events (fig. 32e), they also promoted regrowth and recovery, as shown by the 
recent pulse of stands less than 20 years old (fig. 29). As these young stands recover and reach 
middle-age in the coming decades, they will be growing at higher productivity rates (fig. 30). 
Thus, forests have the potential to accumulate more C and become C sinks again. 

Climate variability and the recent warming trend have had a mostly negative effect on C 
stocks, also contributing to the switch to a C source (fig. 32a) and loss of C (fig. 32d). Future 
warming may result in an intensification of these already negative climate effects. The  
increases in N deposition (fig. 31c) and atmospheric CO2 concentrations have both had positive 
effects on changing C stocks and C accumulation across all forests in this region (figs. 32a,d). 
However, the gains from CO2 fertilization and N deposition were generally overshadowed by C 
losses due to negative disturbance and aging effects and climate effects (fig. 32d). Atmospheric 
CO2 concentrations are expected to continue increasing for the foreseeable future, potentially 
counteracting the projected negative effects of climate. 

Although a few national forests in the Northern Region had a net gain of total forest C, most 
forests had a loss from 1950 to 2010 (Appendix 5: Northern Region (PDF, 2.9MB)), resulting in 
a regionwide loss of approximately 74 Tg of total ecosystem C, including soil C, between 1950 
and 2010 (fig. 32d). 

Regional Results - Northern Region

https://www.fs.fed.us/sites/default/files/Appendix-5-NFS-Disturbance-Carbon-Assessment-Northern-Region.pdf
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6.4 Rocky Mountain Region

6.4.1 Description of Region

The Rocky Mountain Region (also referred to as Region 2) in the National Forest System 
(NFS) consists of 11 national forests within Colorado, Nebraska, Kansas, and most of Wyoming 
and South Dakota (fig. 33). The analysis of factors contributing to C stocks and trends was 
conducted only on the forested areas of these national forests, so Thunder Basin, Nebraska, 
Pawnee, and Cimarron and Comanche National Grasslands were not included. To restrict the 
analysis to lands managed by the Forest Service, any private inholdings within national forest 
boundaries were excluded.

The history of Euro-American settlement, land use, and policies provides useful context for 
understanding the regional forest C trends that are indicated by the inventory and assessment 
results. Though Euro-American settlement first expanded into the Rocky Mountain Region in 

Regional Results - Rocky Mountain Region

Figure 33. Locations of the national forests in the Rocky Mountain Region. 
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pursuit of fur trading in the early 1800s, it was not until the mid- to late 1800s that the major 
influx of permanent settlers arrived and began altering the landscape (Romme et al. 2009). 
Settlers’ activities included logging, livestock grazing, mining, and clearing of forest for  
agriculture and human settlements. Logging began as early as 1875 in some areas of the region 
(Romme et al. 2009; Shepperd and Battaglia 2002), but was mostly small-scale and local until 
the 1890s, when logging greatly intensified with the advent of the railroad in the region. How-
ever, timber harvesting in the Rocky Mountain Region remained relatively low until the 1930s, 
after which it steadily increased before peaking in the late 1980s. Harvest volumes declined 
sharply in the early 1990s and have since remained relatively low (Stockmann et al. 2014d).

In addition to timber harvesting, the forest C legacy of the Rocky Mountain Region is tied 
to its history of fires and fire management. Before Euro-American settlement, fire was the 
dominant disturbance type influencing forest structure and C dynamics in the region. After 
settlement, extensive livestock grazing throughout the region greatly reduced surface fuels, 
limiting fire spread and altering fire regimes. Then after the devastating 1910 fire season, which 
scorched millions of acres of forest across the western United States, fire protection came into 
the forefront of Forest Service policies. With passage of the Weeks Act in 1911, the Forest  
Service introduced a national fire suppression policy, which entailed intensive efforts to  
prevent, detect, and suppress all wildfires (Agee 1998; Pyne 1982). A policy shift from fire 
control to fire management in the 1970s allowed natural fires to burn across landscapes where 
considered safe and appropriate, in an attempt to restore historical fire regimes (Pyne 1982).

Both land use history and recent changes in climate have led to large and intense  
disturbances in the Rocky Mountain Region over the past few decades. The Rockies have  
experienced increases in large wildfires, as well as longer fire seasons. Much of this change is 
due to warming temperatures and droughts (Westerling et al. 2006). Over the past few  
decades, severe outbreaks of bark beetles such as the mountain pine beetle have caused wide-
spread tree mortality, reducing forest C uptake and increasing future emissions from the  
decomposition of killed trees (Kurz et al. 2008) (see Appendix 1 for scientific names of species 
mentioned in this report). 

6.4.2 Disturbance Trends

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Rocky Mountain Region are displayed in figure 34. The  
disturbance maps were derived from Landsat satellite imagery; a systematic process of manual 
editing and attribution of disturbance type using spatial records of harvests, fire, and insects; 
and high- and medium-resolution imagery. Regional disturbance patterns were dominated by 
an outbreak of mountain pine beetle, which began killing large numbers of trees in the  
national forests around 2005. Though comparatively low levels of insect activity were  
noted in the region throughout the beginning of the study period, disturbance rates (indicating 
newly observed mortality) remained high after 2005, approaching or exceeding 3 percent of 
the region’s forest land in 3 different years (fig. 34a). However, most of these insect outbreaks 
were characterized as low to moderate intensity (<50 percent change in canopy cover)  
(fig. 34b). Harvest rates were relatively consistent at the regional level, affecting approximately 
0.25 percent of forest land in each year. Large wildfires occurred in several years after 2000 
but impacted a much lower percentage of the forest land than fires in neighboring NFS regions.
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Figure 34a-b. Annual rates of disturbance (0 to 5 percent) in the Rocky Mountain Region, mapped using visual 
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

6.4.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Rocky Mountain 
Region in figure 35. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation 
to the amount of C that would have been stored in the absence of the particular disturbance 
process. This means that the impact of a disturbance is felt beyond the year it happens. If fires 
first occur in 2002, for example, the line of fire in figure 35 will only start to diverge from zero 
in that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire 
C stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an “undisturbed” scenario. Thus, figure 35 reflects the real-time  
impact of disturbance on the forest’s ability to store C in relation to storage likely in the  
absence of disturbance.

Insect activity accounted for 82 percent of the disturbance impact on 2011 C stocks (fig. 36). 
The acceleration of insect activity within the region after 2005 (fig. 34) resulted in a surge in 
insect impact on C stocks (fig. 35). By 2011, insect activity from 1990 to 2011 caused a  
5.5-percent reduction in the regional nonsoil C stocks (fig. 37) that were reported in the NFS 
baseline C assessment derived from FIA data (USDA FS 2010g). From the beginning of the 
study period (1990) to 2000, harvest was the disturbance process with the highest impact on C 
stocks (fig. 35), although that impact was significantly lower than in other regions, such as the 
Southern Region, where harvest activity was more common. Harvests in the region removed 
approximately 0.4 percent of nonsoil C stocks by 2011 (fig. 37). These patterns do not account 
for offsite storage of C in wood products. Information about the region’s product C storage can 
be found in the NFS baseline C assessment (USDA FS 2015g). 
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Figure 35. The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Rocky Mountain Region. The difference in storage for each year is shown between an “undisturbed”  
scenario and a scenario that includes only observed amounts of the specified type of disturbance. Error bars  
represent a 95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.
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Figure 36. Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Rocky Mountain Region for the period 1990 through 2011.
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Figure 37. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each  
national forest and for all national forests combined in the Rocky Mountain Region. Percent reduction represents 
how much nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.

After an increase in fire activity in 2000, fire was the dominant disturbance process  
affecting C storage until the mountain pine beetle started killing large areas of trees in 2005 
(fig. 34). Fires resulted in the loss of about 0.8 percent of nonsoil C stocks by 2011 (fig. 37). 
Because ForCaMF accounts for emissions of C in a biologically realistic way (using dynamics 
built into FVS), only a fraction of the full C effects of the beetle outbreak is represented by 2011; 
most C in beetle-killed trees is still stored in dead pools and will be released over several  
decades.

One caveat must be stated about the confidence intervals depicted in figure 35. The unit of 
analysis for ForCaMF was the national forest (Appendix 6: Rocky Mountain, (PDF, 2.7MB)); 
rates of simulated error were constrained by FIA estimates at that level. Regional  
aggregation used a secondary Monte Carlo analysis based on the uncertainty of each individual 
forest result, and it assumed that the errors in one forest were independent of errors in other 
forests. This assumption very likely overstated certainty at the regional level; if initial biomass 
estimates in one forest were high, for example, the same estimates were also likely to be  
biased high in other units. This caveat does not change the overall trends seen at the  
aggregated regional level, nor does it affect confidence intervals assessed at the national forest 
level. Insect activity was the dominant disturbance affecting C storage; although large amounts 
of insect mortality were observed only after 2005, the C impact of those outbreaks quickly 
overwhelmed effects of harvest and fire.

https://www.fs.fed.us/sites/default/files/Appendix-6-NFS-Disturbance-Carbon-Assessment-Rocky-Mountain-Region.pdf
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6.4.4 Effects of Disturbance, Management, and Environmental Factors

This section provides a regional summary of the predicted (modeled) effects of natural  
disturbances, land management, and environmental factors on forest C dynamics depicted in a 
series of figures (figs. 38–41) generated from InTEC model inputs and simulations for  
individual national forests and summed results across all national forests in the Rocky  
Mountain Region. These regional-scale outputs were generated only from the national  
forest-specific datasets; thus, these outputs do not represent lands within the region that are 
outside of the national forest boundaries. The Appendix 6: Rocky Mountain, (PDF, 2.7MB)
shows the effects of disturbance and nondisturbance factors on forest C dynamics within each 
of the national forests as modeled by InTEC using this same series of figures. The forested area 
of the Nebraska National Forest was too small to reliably model C dynamics with InTEC, so it 
was excluded from these analyses.

According to the historical data and model results, forest C trends across the national 
forests in the Rocky Mountain Region have been strongly influenced by the history of land 
use and policies as well as climate change and natural disturbances. Despite variation among 
these national forests, the regionwide stand-age distribution in 2011 shows that most stands in 
the Rocky Mountain Region are older (>80 years old) with a distinctive pulse of stands which 
established about 80 to 129 years earlier, or from approximately 1880 to 1930 (fig. 38). During 
the 1930s and thereafter, the rate of stand establishment greatly declined. This pulse of stand 
establishment between the late 1800s and early 1900s reflects recovery after a range of  
disturbances, such as timber harvesting and grazing associated with settlement or the last 
major fires in the region before fire suppression. Fire suppression, which began in the early 
1900s, would have allowed more of these young, regenerating stands to survive and continue 
regrowing rather than being disturbed at a more typical historical rate of fires (Pyne 1982). 
Depending on the forest type, this pulse of establishment would have reached maximum rates 
of productivity between 30 and 60 years of age (fig. 39), or throughout the mid- to late 20th 
century. Forests in the Rocky Mountain Region show another pulse of young stands (<10 years 
old) (fig. 38) that were established in the early 2000s and represent regeneration after recent 
disturbances—mostly extensive insect outbreaks, but also large and intense wildfires (fig. 34).

Though there is significant interannual variability in both temperature and precipitation, 
between 1951 and 2011 climate has on average become warmer and slightly wetter in the Rocky 
Mountain Region. Although the region has become slightly wetter, severe droughts like the 
one in the early 2000s are not uncommon. Warmer temperatures and drought conditions can 
increase soil respiration and evaporative demands, leading to water stress and declines in net 
ecosystem productivity. Consequently, more C is released to the atmosphere. As climate  
continues to change, this region is expected to get even warmer and the vital winter snowfalls 
are more likely to come as rain in the future. In addition to climate change and variability, both 
atmospheric CO2 concentrations and N deposition have increased over the past few decades 
(fig. 40c) as a result of human activities, and these two factors are known to increase forest  
productivity in most circumstances.

The C stock changes across the national forests in the Rocky Mountain Region show that 
together the forests generally underwent a switch from a C sink to a C source (figs. 41a–c) in 
the late 1980s and early 1990s, causing a decline in accumulated C (fig. 41d). Disturbance and 
aging effects have been mostly responsible for declining C stocks (fig. 41b), which correspond 

Regional Results - Rocky Mountain Region

https://www.fs.fed.us/sites/default/files/Appendix-6-NFS-Disturbance-Carbon-Assessment-Rocky-Mountain-Region.pdf
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Figure 38. Age-class distribution in 2011 shown as the percentage of forest land in each forest-type group in 
10-year age classes summed across the national forests in the Rocky Mountain Region (see Appendix 1 for
scientific names of trees).
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Figure 39. Relationship between net primary productivity (NPP) and stand age for each forest-type group
averaged across all national forests in the Rocky Mountain Region (see Appendix 1 for scientific names of trees). 
Due to a small sample of other western hardwood plots to derive NPP-age curves, the western oak curve was used 
for these stands. 
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to disturbances that shaped forest structure (fig. 38), the NPP-stand age relationships (fig. 39), 
and increasing disturbances in recent years (fig. 34). From 1950 to the 1970s, the forests were a 
C sink due to disturbance and aging effects, as the 1880-to-1930 pulse of stands that reflect  
regrowth and recovery after major disturbances was middle-aged and therefore growing at 
maximum rates of productivity. As these forests further aged, productivity declined, causing 
the rate of C accumulation to decline (fig. 41d). Meanwhile the effects of disturbance were 
increasing to the point where C emissions due to decomposition and disturbances exceeded C 
gains, and as a result the forests became a C source (figs. 41b,c). This decline was coupled with 
lower rates of stand establishment in the mid-1900s.

Although recent disturbances initially caused increases in C emissions during the year of 
the disturbance events (fig. 41e), they also promoted regrowth and recovery, as indicated by the 
recent pulse of stands less than 10 years (fig. 38). As these young stands recover and reach  
middle-age in the coming decades, they will be growing at maximum productivity (fig. 39). 
Thus, forests have the potential to accumulate more C and become C sinks again. 

As national forests in the Rocky Mountain Region shifted to a C source, nondisturbance 
effects had a positive effect, thus helping to maintain the C sink for a few more decades (figs. 
41b,c). Carbon dioxide levels and N deposition have had a significant positive effect on forest C, 
perhaps because these forests are normally more nutrient limited. However, by the early 1990s, 
the C gains from CO₂ concentrations and N deposition were surpassed by the C losses as  
negative disturbance and aging effects caused the forests to shift to a C sink (fig. 41d).  
Atmospheric CO2 concentrations are expected to continue increasing for the foreseeable  
future, potentially counteracting a portion of the C declines due to disturbance and aging. 
Despite climate variability and the recent warming trends, climate has not had a significant 
effect on C stocks compared to other factors (fig. 41d). In the 1950s and early 1960s, climate 
produced a C source (fig. 41a) due to a period of above-average temperatures (fig. 40b). Thus, 
projected warming could result in a C source in the future. 

Although a few national forests in the Rocky Mountain Region had a net gain of total  
forest C, most forests had a loss from 1950 to 2011, resulting in a regionwide loss of  
approximately 15 Tg of total ecosystem C, including soil C, between 1950 and 2011 (fig. 41d). 

Regional Results - Rocky Mountain Region
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Figure 40a-c. (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1951 through 2011 averaged across all national forests in the Rocky Mountain Region. Linear 
trend lines shown in black. 
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Figure 41a-e. Estimated forest carbon (C) changes and accumulations summed across the national forests in 
the Rocky Mountain Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, 
including climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all 
disturbance and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all  
nondisturbance factors combined; and (c) all factors combined, which is the sum of disturbance and aging and 
nondisturbance effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors 
and all factors combined from 1950 through 2011 excluding C accumulated pre-1950. (e) Direct C emissions to the 
atmosphere due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from 
the atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or 
decreases in C stocks.
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6.5 Intermountain Region

6.5.1 Description of Region

The Intermountain Region (also referred to as Region 4) in the National Forest System 
(NFS) consists of 12 national forests spread across Nevada, Utah, western Wyoming, and 
southern and central Idaho (fig. 42). The analysis of factors contributing to C stocks and trends 
was conducted only on the forested areas of these national forests, so the Curlew National 
Grassland in southern Idaho was not included. To restrict the analysis to lands managed by the 
Forest Service, any private inholdings within national forest boundaries were excluded. 

Euro-American settlers came to the Intermountain Region in the mid-1800s mostly for fur 
trapping. Mormon settlers followed, bringing cattle and oxen grazing to the region (see  
Appendix 1 for scientific names of species mentioned in this report). The real boom in  
settlement began in the 1890s, when Euro-Americans came to the region for mining, livestock 
grazing, and timber. Lumber operations using destructive methods became common  

Figure 42. Locations of the national forests in the Intermountain Region.
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practice, leaving forests as devastated fire hazards covered in slash, litter, and wasted wood. In 
the 1890s forests were set aside as forest reserves to protect valuable timber and watersheds 
from these destructive practices. The land was eventually put under Forest Service control in 
1905 and more sustainable timber practices became an objective (USDA FS 1930).  
Annual timber output was low in the early 1900s, then increased after the Great Depression 
in the 1930s and peaked in 1972; it declined precipitously in the early 1990s and has remained 
low ever since (Stockmann et al. 2014a). In addition to timber harvesting, the forest C legacy 
of the Intermountain Region is tied to its history of fires and fire management. Historically fire 
was a major component of the disturbance regimes in the Intermountain forests prior to  
Euro-American settlement. Devastating fire seasons of 1889, 1910, and 1919 burned millions of 
acres of valuable forest and timberland in this region and across much of the West. Congress 
began appropriating funds to support fire suppression activities including improvements to 
communication and transportation facilities, lookout towers, and firefighting tools led by the 
Forest Service (Barrett et al. 1997). This national fire suppression policy entailed intensive 
efforts to prevent, detect, and suppress all wildfires, which greatly reduced the area burned and 
the frequency of fires and consequently altered the ecological system. A policy shift from fire 
control to fire management in the 1970s allowed natural fires to burn across landscapes where 
considered safe and appropriate, in an attempt to restore historical fire regimes (Pyne 1982).

Recent changes in climate have also played a role in forest disturbance regimes and C  
dynamics. The Intermountain Region has experienced an increase in average annual  
temperature while precipitation has been highly variable. Land use history and climate change 
have led to large and intense disturbances in the region over the past few decades. Extended 
fire seasons and large wildfires that burn for longer durations, such as the Clear Creek Complex 
Fire of 2000 and the Murphy Complex Fire of 2007, both in Idaho, have increased in the  
Intermountain Region. Much of this change is due to warmer summer temperatures and  
earlier spring snowmelt, which are projected to continue into the future (Westerling et al. 
2006). Over the past few decades, severe bark beetle outbreaks have resulted in tree mortality 
in parts of the Intermountain Region (Bentz et al. 2010). 

6.5.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Intermountain Region are displayed in figure 43. The  
disturbance maps were derived from Landsat satellite imagery; a systematic process of manual 
editing and attribution of disturbance type using spatial records of harvests, fire, and insects; 
and high- and medium-resolution imagery. For most of the study period (1990 to 2011),  
regional disturbance patterns were dominated by fire, although the forest area burned in any 
one year never significantly exceeded 1 percent of the total (fig. 43). Though low levels of insect 
mortality were observed in several years in the 1990s, insect impacts greatly increased after 
approximately 2003. In 2011, about 2.5 percent of the region’s forest land was affected by  
insect disturbance. By comparison, insect disturbance (as indicated by newly observed  
mortality) affected 2.5 percent or more of forest land in the neighboring Rocky Mountain  
Region in 3 different years during the same period (see Section 6.4.2). Harvest rates have been 
low throughout the study period, although there was slightly more harvest activity in the early 
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1990s. Over this period, about 70 percent of the area disturbed was affected by low- to  
moderate-intensity disturbances (<50 percent change in canopy cover). 

6.5.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to understand the relative impacts of different kinds 
of disturbance in the last two decades on current C stocks, displayed for the Intermountain 
Region in figure 44. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation 
to the amount of C that would have been stored in the absence of the particular disturbance 
process. This means that the impact of a disturbance is felt beyond the year it happens. If fires 
occur only in 1992, for example, the line for fire in figure 44 will only start to diverge from zero 
in that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire 
C stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an “undisturbed” scenario. Thus, figure 44 reflects the real-time 
impact of disturbance on the forest’s ability to store C in relation to storage likely in the  
absence of disturbance.

Throughout most of the study period, fire was the disturbance process that most affected C 
storage in the region (fig. 45). Larger fire years (fig. 43) corresponded to increased fire  
impacts on C storage (fig. 44). By 2011, fires from 1990 through 2011 resulted in a reduction of 
1.9 percent of the regional nonsoil C stocks (fig. 46) that were reported in the NFS baseline C 
assessment derived from FIA data (USDA FS 2015c). However, increased insect activity in the 
latter part of the period, particularly after 2007, substantially altered the regional  
disturbance signature upon C stocks. By 2011, insect activity made up 47 percent of the  
disturbance impact on C storage (fig. 45), and caused a 1.8-percent reduction in nonsoil C 
storage (fig. 46). Because ForCaMF accounts for emissions of C in a biologically realistic way 
(using dynamics built into FVS), only a fraction of the full C effects of the insect and fire activity 
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Figure 43. Annual rates of disturbance (0 to 5 percent) in the Intermountain Region, mapped using visual  
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.
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Figure 44. The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Intermountain Region. The difference in storage for each year is shown between an “undisturbed” scenario 
and a scenario that includes only observed amounts of the specified type of disturbance. Error bars represent a 
95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.

observed from 1990 through 2011 are represented by 2011; most C in fire- or beetle-killed trees 
is still stored in dead pools and will be released over several decades.

In interpreting the steady, but small, C impact of harvest throughout the period, it is  
important to reiterate that these patterns do not account for offsite storage of C in wood  
products. Information about the region’s product C storage can be found in the baseline C  
assessment (USDA FS 2015c). One caveat must be stated about the confidence intervals  
depicted in figure 44. The unit of analysis for ForCaMF was the national forest; rates of  
simulated error were constrained by FIA estimates at that level. Regional aggregation used a 
secondary Monte Carlo analysis based on the uncertainty of each individual forest result, and it 
assumed that the errors in one forest were independent of errors in other forests. This  
assumption very likely overstated certainty at the regional level; if initial biomass estimates in 
one forest were high, for example, the same estimates were also likely to be biased high in other 
units. This caveat does not change the overall trends seen at the aggregated regional level, nor 
does it affect confidence intervals assessed at the national forest level. Insect activity has  
recently joined fire as an important factor in the amount of C stored by national forests in the 
Intermountain Region.

6.5.4 Effects of Disturbance, Management, and Environmental Factors

This section provides a regional summary of the predicted (modeled) effects of natural  
disturbances, land management, and environmental factors on forest C dynamics depicted in a 
series of figures (figs. 47–50) generated from InTEC model inputs and simulations for  
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individual national forests and summed results across all national forests in the  
Intermountain Region. These regional-scale outputs were generated only from the national  
forest-specific datasets; thus, these outputs do not represent lands within the region that 
are outside of the national forest boundaries. The Appendix 7: Intermountain Region (PDF, 
3.1MB)shows the effects of disturbance and nondisturbance factors on forest C dynamics  
within each of the 12 national forests as modeled by InTEC using this same series of figures. 

According to the historical data and model results, forest C trends across the national  
forests in the Intermountain Region have been strongly influenced by the history of land use 
and policies as well as natural disturbances. Despite variation among these national forests, 
the regionwide stand-age distribution in 2011 shows that approximately 50 percent of the 
forests are greater than 100 years old (fig. 47). The stand-age distribution also shows a pulse 
of stands that established about 80 to 119 years before this study, or from approximately 1890 
to 1930 (fig. 47). Thereafter, the rate of stand establishment steadily declined until 1982, when 
it increased once again. This early-1900s pulse of stand establishment reflects recovery after a 
range of disturbances occurring around the time of Euro-American settlement, such as  
intensive timber harvesting and large wildfires. Although some fires continued into the mid-
1900s, fire suppression, which began in the early 1900s, allowed more of these young,  
regenerating stands to survive and continue regrowing rather than being disturbed at a more 
typical historical rate of fires (Pyne 1982). Depending on the forest type, which is mostly  
Douglas-fir, lodgepole pine, or fir/spruce/mountain hemlock, the numerous stands that were 
established between 1890 and 1930 reached maximum rates of productivity between 30 and 60 
years of age (fig. 48). Therefore, for most of the mid-1900s, more than 25 percent of the forest 
area was highly productive. Recent fires have had extensive high-severity, stand-replacing  
components, while insect outbreaks have been widespread and unrelenting (fig. 43). These 
recent disturbances promoted another pulse of stands that were established over the last two 
decades. These stands will soon be growing at maximum productivity, potentially accumulating 
more C (fig. 48). 

Fire
49%

Harvest
4%

Insect
47%

Effect of Different Disturbances, 1990-2011, on 
Carbon Storage in the Intermountain Region

Figure 45. Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Intermountain Region for the period 1990 through 2011. 

https://www.fs.fed.us/sites/default/files/Appendix-7-NFS-Disturbance-Carbon-Assessment-Intermountain-Region.pdf
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Figure 46. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each  
national forest and for all national forests combined in the Intermountain Region. Percent reduction represents 
how much nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.

Though there is significant interannual variability in both temperature and precipitation, 
between 1951 and 2011 climate has on average become much warmer (figs. 49a,b).  
Precipitation does not show a clear increasing or decreasing trend. However, several droughts 
such as the one from 1999 through 2002 have been evident through this region. For much 
of the late 1990s and 2000s, temperatures were consistently higher than average. Warmer 
temperatures and drought conditions can increase soil respiration and evaporative demands, 
leading to water stress and declines in net ecosystem productivity. Consequently, more C is 
released to the atmosphere. As climate continues to change, this region is expected to get even 
warmer, with greater variability in precipitation, and snowfall shifting to rainfall. In addition to 
climate change and variability, both atmospheric CO2 concentrations and N deposition  
(fig. 49c) have increased over the past few decades as a result of human activities. Nitrogen 
deposition in this region peaked around 1995 but has since remained elevated (fig. 49c). 

Though there is significant interannual variability in both temperature and precipitation, 
between 1951 and 2011 climate has on average become much warmer (figs. 49a,b).  
Precipitation does not show a clear increasing or decreasing trend. However, several droughts 
such as the one from 1999 through 2002 have been evident through this region. For much 
of the late 1990s and 2000s, temperatures were consistently higher than average. Warmer 
temperatures and drought conditions can increase soil respiration and evaporative demands, 
leading to water stress and declines in net ecosystem productivity. Consequently, more C is 
released to the atmosphere. As climate continues to change, this region is expected to get even 
warmer, with greater variability in precipitation, and snowfall shifting to rainfall. In addition to 
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Figure 47. Age-class distribution in 2011 shown as the percentage of forest land in each forest-type group in 
10-year age classes summed across the national forests in the Intermountain Region (see Appendix 1 for scientific
names of trees).
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Figure 48. Relationship between net primary productivity (NPP) and stand age for each forest-type group 
averaged across all national forests in the Intermountain Region (see Appendix 1 for scientific names of trees). 
Due to small sample sizes, the NPP-age curve for the other western softwoods forest-type group was applied to 
California mixed conifer stands, and the curve for the ponderosa pine forest-type group was applied to western 
white pine stands.
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climate change and variability, both atmospheric CO2 concentrations and N deposition  
(fig. 49c) have increased over the past few decades as a result of human activities. Nitrogen 
deposition in this region peaked around 1995 but has since remained elevated (fig. 49c). 

The C stock changes across the national forests in the Intermountain Region show that  
together the forests underwent a switch from a C sink to a C source (figs. 50a–c) in the late 
1980s to early 1990s. Disturbance and aging effects have been mostly responsible for  
declining C stocks (fig. 50b), which correspond to disturbances that shaped forest structure 
(fig. 47), the NPP-stand age relationships (fig. 48), and increasing disturbances in recent years 
(fig. 43). From 1950 to the early 1980s, the forests were a C sink as forests representing  
regrowth from previous disturbances were at productive ages. For instance, the 1890 to 1930 
pulse of stands was middle-aged and therefore growing at maximum rates of productivity. As 
these forests further aged, productivity declined, causing the rate of C accumulation to decline 
(fig. 50d). Meanwhile the effects of disturbance were increasing to the point where C emissions 
from decomposition and disturbance events exceeded C gains, and the forests consequently  
became a C source (figs. 50b,c). This decline was coupled with lower rates of stand  
establishment and increasing rates of timber harvesting after the 1930s. 

Recent disturbances such as the large, moderate- to high-severity fires in 2000, 2007, and 
2009 and an increase in insect disturbances during the 2000s caused spikes in C emissions 
(fig. 50e). These disturbances coincided with a drought and high temperatures, which together 
caused forests to remain a C source from 1996 through 2011 (figs. 50a–c). As forests continue 
to recover from these disturbance events, as seen in the regional stand-age distribution  
(fig. 47), and reach middle-age with the highest rates of productivity (fig. 48), regional forests 
have the potential to become a C sink again in a few decades. 

Though disturbance and aging effects initially caused a C sink and then a C source,  
nondisturbance factors had a mostly positive effect on C stocks in the 1950s and thereafter 
(figs. 50a,b). Increasing levels of CO2 and N deposition caused forests to accumulate more C 
and helped to counteract the C declines due to disturbances and the aging stands. However, by 
the late 1980s the C gains from CO2 and N deposition were surpassed by the C losses as  
negative disturbance and aging effects caused the forests to shift to a C source (fig. 50d).  
Atmospheric CO2 concentrations are expected to continue increasing for the foreseeable  
future, potentially counteracting the C declines from disturbances and aging. Despite  
increasing temperatures and occasional droughts, climate has had a small effect on total C 
accumulation for most of the past few decades. Since the early 2000s, however, climate effects 
have been mostly negative, causing a loss of forest C (fig. 50d). Future projected warming and 
shifts in precipitation may cause the C source in the Intermountain Region to persist.

Although a few national forests in the Intermountain Region had a net gain of total forest C, 
most forests had a loss from 1950 to 2011, resulting in a regionwide loss of approximately 89.4 
Tg of total ecosystem C, including soil C, between 1950 and 2011 (fig. 50d). 

Regional Results - Intermountain Region
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Figure 49a-b. (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1951 through 2011 averaged across all national forests in the Intermountain Region. Linear trend 
lines shown in black. 
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Figure 50a-e. Estimated forest carbon (C) changes and accumulations summed across the national forests in the  
Intermountain Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone,  
including climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all 
disturbance and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all  
nondisturbance factors combined; and (c) all factors combined, which is the sum of disturbance and aging and 
nondisturbance effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors 
and all factors combined from 1950 through 2011 excluding C accumulated pre-1950. (e) Direct C emissions to the 
atmosphere due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from 
the atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or 
decreases in C stocks.
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6.6 Pacific Northwest Region

6.6.1 Description of Region

The Pacific Northwest Region (also referred to as Region 6) in the National Forest System 
(NFS) consists of 16 national forests and a national scenic area spread across Washington and 
Oregon (fig. 51). The analysis of factors contributing to C stocks and trends was conducted only 
on the forested areas of these administrative units, so national grasslands such as the Crooked 
River National Grassland in central Oregon were not included. To restrict the analysis to lands 
managed by the Forest Service, any private inholdings within national forest boundaries were 
excluded. 

The history of Euro-American settlement, land use, and policies provides useful context for 
understanding the regional forest C trends that are indicated by the inventory and assessment 
results. The first Euro-American settlers came to the Pacific Northwest Region in the late 1860s 
after the Civil War, treaties with Native Americans, and the discovery of gold (Bach 1990). The 
region was largely uninhabited, however, until the arrival of the transcontinental railroad lines 
during the 1880s. The railroad helped transform the small-scale timber operations that had 

Figure 51. Locations of the national forests and national scenic area in the Pacific Northwest Region.
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started in the 1870s (Bach 1990) into one of the most productive and rapidly growing 
industries in the Pacific Northwest. By 1905, the State of Washington ranked first in the Nation 
in timber production. In these early settlement years, forests were recklessly clear cut and fires 
were often accidentally ignited, burning valuable timberland. Annual timber output steadily 
increased starting in the 1940s, peaked in 1973, but declined precipitously in the early 1990s 
and has remained low ever since (Butler et al. 2014a). This recent decline in timber harvesting 
was largely the result of the adoption of the Northwest Forest Plan in 1994, which placed 
greater restrictions on harvesting in order to protect the northern spotted owl and other  
species dependent on old-growth forest habitat (Thomas et al. 2006) (see Appendix 1 for  
scientific names of species mentioned in this report). 

In addition to timber harvesting, the forest C legacy of the region is tied to its history of fires 
and fire management. Historically fire was a major component of the disturbance regimes in 
the Pacific Northwest forests prior to Euro-American settlement (Agee 1993). However, after 
the devastating 1910 fire season, which burned millions of acres of valuable forest and timber-
land in the West, Congress began appropriating money for fire suppression activities led by 
the Forest Service. This national fire suppression policy entailed intensive efforts to prevent, 
detect, and suppress all wildfires, greatly altering the ecological system (Agee 1993; Pyne 1982). 
Despite suppression efforts, major logging-induced fires such as the Tillamook Burn of 1933 in 
Oregon continued to occur across forests in this region (Morris 1936). A policy shift from fire 
control to fire management in the 1970s allowed natural fires to burn across landscapes where 
considered safe and appropriate, in an attempt to restore historical fire regimes (Pyne 1982).

Recent changes in climate have also played a role in forest disturbance regimes and C 
dynamics. The Pacific Northwest has experienced an increase in average annual temperature 
while precipitation has declined both in the amount of total snowfall and the proportion of 
precipitation falling as snow. Land use history and climate change have led to large and intense 
disturbances in the region over the past few decades. Wildfires that are widespread and burn 
for longer durations and extended fire seasons have increased in the Pacific Northwest. Much 
of this change is due to warmer summer temperatures and earlier spring snowmelt, which are 
projected to continue into the future (Climate Impacts Group 2009; Westerling et al. 2006). 
Over the past few decades, severe bark beetle outbreaks have resulted in tree mortality in parts 
of the Pacific Northwest (Bentz et al. 2010). 

6.6.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these  
disturbances (change in canopy cover) for the Pacific Northwest Region are displayed in figure 
52. The disturbance maps were derived from Landsat satellite imagery; a systematic process of
manual editing and attribution of disturbance type using spatial records of harvests, fire, and
insects; and high- and medium-resolution imagery. Regional disturbance patterns exhibited
effects of both wildfire and harvests. Periodic large fire years occurred throughout the period,
with approximately 1.2 percent of the region’s forests affected by fire in 2002. Harvest
decreased through the middle of the study period, though there were slight increases toward
the end of the period in 2011. These rates, which did not reach 0.5 percent of the landscape in
any single year, were lower than those in the 1970s and 1980s, before enactment of the North-
west Forest Plan in 1994 (Healey et al. 2008). In the last 2 years of the period, insect activity
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became an important regional disturbance factor, with insects affecting approximately 0.5 
percent of the region’s forests in 2011 (fig. 52a). From 1990 through 2011, about 60 percent of 
disturbances were low to moderate intensity (<50 percent change in canopy cover) (fig 52b). 
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Figure 52a-b. Annual rates of disturbance (0 to 2 percent) in the Pacific Northwest Region, mapped using visual 
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

6.6.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Pacific Northwest 
Region in figure 53. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation 
to the amount of C that would have been stored in the absence of the particular disturbance 
process. This means that the impact of a disturbance is felt beyond the year it happens. If fires 
first occur in 1992, for example, the line for fire in figure 53 will only start to diverge from zero 
in that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire 
C stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an “undisturbed” scenario. Thus, figure 53 reflects the real-time  
impact of disturbance on the forest’s ability to store C in relation to storage likely in the  
absence of disturbance.

Harvest activity, particularly in the early 1990s, had a significant effect on the region’s C 
stocks; harvests occurring from 1990 to 2011 reduced 2011 C storage by approximately 167 g/
m2 (or 167 Mg/ha) (fig. 53), and was responsible for 36 percent of the total disturbance effect 
(fig. 54). By 2011, harvesting resulted in a reduction of approximately 0.9 percent of the  
regional nonsoil C stocks (fig. 55) that were reported in the NFS baseline C assessment (USDA 
FS 2015e). These patterns do not account for offsite storage of C in wood products.  
Information about the region’s product C storage can be found in the baseline C assessment 
(USDA FS 2015e).
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Fire activity accelerated in 2002 (fig. 53), and fire thereafter became the disturbance factor 
with the greatest effect on C storage, reducing carbon storage by approximately 1.4 percent by 
2011 (fig. 55). By 2011, fires since 1990 had caused 57 percent of the disturbance impact on C 
stocks, while insect activity had caused 7 percent (fig. 54). Disturbance data (fig. 52)  
suggest that insects became a significant factor only in 2010 to 2011, and the relative influence 
of disturbances on C storage (fig. 53) reflects this late emergence of insect activity. Minor wind 
events were mapped throughout the region, but these events affected relatively small areas and 
were not considered in this assessment. The unit most affected by wind was the Olympic  
National Forest, where a total of 0.19 percent of the forest land was affected by wind during the 
study period, followed by the Gifford Pinchot National Forest (0.10 percent).

One caveat must be stated about the confidence intervals depicted in figure 53. The unit 
of analysis for ForCaMF was the national forest; rates of simulated error were constrained by 
FIA estimates at that level. Regional aggregation used a secondary Monte Carlo analysis based 
on the uncertainty of each individual forest result, and it assumed that the errors in one forest 
were independent of errors in other forests. This assumption very likely overstated certainty at 
the regional level; if initial biomass estimates in one forest were high, for example, the same es-
timates were also likely to be biased high in other units. This caveat does not change the overall 
trends seen at the aggregated regional level, nor does it affect confidence intervals assessed at 
the national forest level. Although harvests have impacted the C cycle in this region, fire and, 
more recently, insect activity have also played important roles. 
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Figure 53. The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Pacific Northwest Region. The difference in storage for each year is shown between an “undisturbed”  
scenario and a scenario that includes only observed amounts of the specified type of disturbance. Error bars  
represent a 95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.



USDA Forest Service RMRS-GTR-402.  2019								 77

Regional Results - Pacific Northwest Region

Fire
57%

Harvest
36%

Insect
7%

Effect of Different Disturbances, 1990-2011, on 
Carbon Storage in the Pacific Northwest Region

Figure 54.  Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Pacific Northwest Region for the period 1990 through 2011.
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Figure 55. Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each 
national forest and for all national forests combined in the Pacific Northwest Region. Percent reduction represents 
how much nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.
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6.6.4 Effects of Disturbance, Management, and Environmental Factors

This section provides a regional summary of the predicted (modeled) effects of natural 
disturbances, land management, and environmental factors on forest C dynamics depicted in a 
series of figures (figs. 56–59) generated from InTEC model inputs and simulations for  
individual national forests and summed results across all the national forests in the Pacific 
Northwest Region. These regional-scale outputs were generated only from the national  
forest-specific datasets; thus, these outputs do not represent lands within the region that are 
outside of the national forest boundaries. The Appendix 8: Pacific Northwest Region  (PDF, 
4.2MB) shows the effects of disturbance and nondisturbance factors on forest C dynamics with-
in each of the 16 national forests and the national scenic area as modeled by InTEC with this 
same series of figures.

According to the historical data and model results, forest C trends across the national  
forests in the Pacific Northwest Region have been strongly influenced by the history of land use 
and policies as well as climate change and natural disturbances. Despite variation among these 
national forests, the regionwide stand-age distribution in 2011 shows that approximately 50 
percent of the forests are greater than 100 years old, with about 10 percent of the forests more 
than 250 years old (fig. 56). The stand-age distribution also shows a pulse of stands that  
established approximately 70 to 109 years before the end of the study period, or between about 
1900 and 1940 (fig. 56). During the 1940s and thereafter, the rate of stand  
establishment steadily declined. This early-1900s pulse of stand establishment reflects recovery 
after a range of disturbances occurring around the time of Euro-American settlement, such as 
intensive timber harvesting and large fires. Although some fires continued into the mid-1900s, 
fire suppression, which began in the early 1900s, allowed more of these young, regenerating 
stands to survive and continue regrowing rather than being disturbed at a more typical  
historical rate of fires (Pyne 1982). Depending on the forest type, this pulse of  
establishment would have reached maximum rates of productivity at 35 to 45 years of age 
(fig. 57), or throughout the mid- to late 20th century. Recent disturbances, mostly fires and an 
increased occurrence of insect outbreaks, have been extensive in some forests and included 
high-severity, stand-replacing components (fig. 52). In several forests with recent large wild-
fires, stand establishment has increased, reflecting regrowth and recovery. 

Though there was significant interannual variability in both temperature and precipitation, 
between 1951 and 2011 climate has on average become much warmer and somewhat drier in 
the Pacific Northwest Region (figs. 58a,b). Severe droughts like the one in the early 2000s have 
occurred periodically (fig. 58b). Warmer temperatures and drought conditions can increase soil 
respiration and evaporative demands, leading to water stress and declines in net  
ecosystem productivity. Consequently, more C is released to the atmosphere. As climate  
continues to change, this region is expected to get even warmer and drier, with snowfall 
shifting to rainfall. In addition to climate change and variability, both atmospheric CO₂  
concentrations and N deposition (fig. 58c) have increased over the past few decades as a  
result of human activities. Nitrogen deposition in this region peaked around 1990 and has 
since declined steadily (fig. 58c). 

Regional Results - Pacific Northwest Region

https://www.fs.fed.us/sites/default/files/Appendix-8-NFS-Disturbance-Carbon-Assessment-Pacific-Northwest-Region.pdf
https://www.fs.fed.us/climatechange/documents/PacificNorthwestRegionCarbonAssessment.pdf
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The C stock changes across the national forests in the Pacific Northwest Region show that 
together the forests generally underwent a switch from a C sink to a C source (figs. 59a–c) in 
the mid-1980s. Disturbance and aging effects have been mostly responsible for declining C 
stocks (fig. 59b), which correspond to disturbances that shaped forest structure (fig. 56), the 
NPP-stand age relationships (fig. 57), and increasing disturbances in recent years (fig. 52). 
From 1950 to the early 1980s, the forests were a C sink due to positive disturbance and aging 
effects, as the pulse of stands that were established between 1900 and 1940 was middle-aged 
and therefore growing at maximum rates of productivity. As these forests further aged,  
productivity declined, causing the rate of C accumulation to decline (fig. 59d). Meanwhile the 
effects of disturbance were increasing to the point where C emissions due to decomposition and 
disturbance events exceeded C gains, so the forests became a C source (figs. 59b,c). The decline 
in productivity was accompanied by lower rates of stand establishment and increasing rates of 
timber harvesting from the 1940s until the 1990s. 

Recent disturbances such as the large, moderate- to high-severity fires in 2002 (fig. 52) 
caused spikes in C emissions (fig. 59e). The 2002 fires coincided with an intense drought, 
which together produced a significant C source in 2002 and 2003 (figs. 59a–c). As forests  
begin to recover from these disturbance events, as seen in the stand-age distributions for  
several forests in the region (Appendix 8: Pacific Northwest Region  (PDF, 4.2MB)), and reach  
middle-age with the highest rates of productivity (fig. 57), forests have the potential to rebound 
and become a C sink again in a few decades. 

While disturbance and aging effects initially caused a C sink and then shifted to creating a 
C source, nondisturbance factors had a mostly positive effect on C stocks in the 1950s and later 
(figs. 59a,b). Increasing levels of atmospheric CO2 and N deposition caused forests to  
accumulate more C and helped to counteract the C declines due to disturbances and the aging 
stands. By the early 1980s, however, the C gains from CO2 and N deposition were surpassed 
by the C losses due to negative disturbance and aging effects, causing the forests to shift to a C 
source (fig. 59d). Atmospheric CO2 concentrations are expected to continue increasing for the 
foreseeable future, potentially offsetting some of the C declines due to disturbances and aging. 
Despite increasing temperature and decreasing precipitation trends (figs. 58a,b), climate has 
had a small positive effect on total C accumulation for much of the past few decades. However, 
since the early 2000s, climate effects have been mostly negative, causing a loss of forest C (fig. 
59d). Future projected warming and declines in precipitation may cause the C source in the 
Pacific Northwest Region to persist. 

Although a few national forests in the Pacific Northwest Region had a net loss of total forest 
C, most forests had C gains between 1950 and 2011 resulting in a regionwide gain of  
approximately 93.3 Tg of total ecosystem C, including soil C, between 1950 and 2011 (fig. 59d). 

Regional Results - Pacific Northwest Region

https://www.fs.fed.us/sites/default/files/Appendix-8-NFS-Disturbance-Carbon-Assessment-Pacific-Northwest-Region.pdf
https://www.fs.fed.us/climatechange/documents/PacificNorthwestRegionCarbonAssessment.pdf
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Figure 56.  Age-class distribution in 2011 shown as the percentage of forest land in each forest-type group in 
10-year age classes summed across the national forests in the Pacific Northwest Region (see Appendix 1 for
scientific names of trees).
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Figure 57.  Relationship between net primary productivity (NPP) and stand age for each forest-type group 
averaged across all national forests in the Pacific Northwest Region (see Appendix 1 for scientific names of trees). 
Curves were developed by He et al. (2012). The evergreen needleleaf curve was applied to Douglas-fir and western 
larch stands. The western oak curve was applied to woodland hardwood and other hardwood stands; the  
ponderosa pine curve was applied to pinyon/juniper, other western softwoods, and western white pine stands.
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Figure 58a-c.  (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1951 through 2011 averaged across all national forests in the Pacific Northwest Region. Linear 
trend lines shown in black. 
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Figure 59a-e.  Estimated forest carbon (C) changes and accumulations summed across the national forests in 
the Pacific Northwest Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, 
including climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all 
disturbance and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all  
nondisturbance factors combined; and (c) all factors combined, which is the sum of disturbance and aging and  
nondisturbance effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors 
and all factors combined from 1950 through 2011 excluding C accumulated pre-1950. (e) Direct C emissions to the 
atmosphere due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from 
the atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or 
decreases in C stocks.
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6.7 Southwestern Region

6.7.1 Description of Region

The Southwestern Region (also referred to as Region 3) in the National Forest System 
(NFS) consists of 11 national forests across Arizona and New Mexico (fig. 60). The analysis of 
factors contributing to C stocks and trends was conducted only on the forested areas of these 
national forests, so national grasslands such as the Cibola National Grassland in Oklahoma 
were not included. To restrict the analysis to lands managed by the Forest Service, any private 
inholdings within national forest boundaries were excluded.

Figure 60.  Locations of the national forests in the Southwestern Region. 
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The history of development, land use, and policies provides useful context for  
understanding the regional forest C trends that are indicated by the forest inventory and model 
results. Euro-American settlement in the Southwestern Region had a profound effect on forest 
structure, disturbance regimes, and subsequently forest C dynamics. Settlement began in the 
mid-1800s and accelerated in the 1880s and 1890s with the completion of key railroad lines. 
Railroad access in the Southwest also opened up commercial timber opportunities, though the 
timber industry remained modest compared to other regions in the United States (Baker et 
al. 1988). Timber output increased slowly from the early 1900s, peaked in 1994, and has since 
declined to about the levels of the 1920s (Butler et al. 2014b). 

Euro-American settlers also brought intensive livestock grazing to the region. Grazing  
depleted the range and reduced herbaceous fuels, disrupting natural fire regimes and  
increasing tree density (Covington and Moore 1994). In 1905 when the Forest Service took  
control of the forest reserves, the era of free use and unrestrained grazing came to an end  
(Baker et al. 1988). 

Although grazing substantially altered these forests, fire has been the primary disturbance 
shaping forests of the Southwestern Region for hundreds of years. Prior to Euro-American 
settlement, fires were more frequent and less severe, maintaining lower forest densities (e.g., 
Covington and Moore 1994), though infrequent, mixed- and high-severity fires also played an 
important role in shaping forest structure (e.g., Williams and Baker 2012). A policy of fire  
suppression began in the early 1900s, disrupting natural fire regimes and altering forest  
structure (Pyne 1982). In the 1970s, fires were once again allowed to burn, and today  
prescribed burning is commonly used to manage fuel loads and restore historical disturbance 
regimes. More recently, the region has experienced several very large fires such as the Wallow 
Fire on the Apache-Sitgreaves National Forests in 2011. 

Climate has also played an important role in historical forest structure and subsequent C 
trends. Historically, periods of increased precipitation triggered pulses of pine establishment 
(Savage et al. 1996). The Southwestern Region has a unique monsoonal climate. Up to 50  
percent of the annual rainfall occurs from July through September (Sheppard et al. 2002), thus 
enhancing forest growth rates during the growing season. Over the past few decades, climate 
change has caused unprecedented temperature increases and has increased the risk of future 
multidecadal megadroughts (e.g., Ault et al. 2014). 

6.7.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Southwestern Region are displayed in figure 61. The  
disturbance maps were derived from Landsat satellite imagery; a systematic process of manual 
editing and attribution of disturbance type using spatial records of harvests, fire, and insects; 
and high- and medium-resolution imagery. Regional disturbance patterns were dominated by 
fire, with at least some of the region burning in each of the monitored years (fig. 61a). There 
were several years in which the area affected by fire approached 1 percent of the forest land, 
with most of those years occurring after 2000. Though harvest affected more area than fire in 
the first 3 years of the study period, harvest rates generally decreased afterward, while fire  
became more common. In several years, disturbance due to insect activity was measurable,  
although not high. As with fire, years with higher levels of insect damage were generally  
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Figure 61a-b.  Annual rates of disturbance (0 to 2 percent) in the Southwestern Region, mapped using visual 
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

concentrated after 2000. Over 90 percent of the disturbed area from 1990 through 2011 was 
characterized by low- to moderate- intensity impacts (<50 percent change in canopy cover) 
(fig. 61b). 

6.7.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Southwestern Region 
in figure 62. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation to the 
amount of C that would have been stored in the absence of the particular disturbance process. 
This means that the impact of a disturbance is felt beyond the year it happens. If fires occur 
only in 1992, for example, the line of fire in figure 62 will only start to diverge from zero in that 
year. The fire line may continue to diverge because ForCaMF’s accounting of postfire C stocks 
will (realistically) reflect gradual release of fire-killed material, partially offsetting C gained 
through regrowth and persistently increasing the difference between postfire C storage and 
storage likely under an undisturbed scenario. Thus, figure 62 reflects the real-time impact of 
disturbance on the forest’s ability to store C in relation to storage likely in the absence of  
disturbance.

Fire accounted for more than 90 percent of the disturbance impact from 1990 through 
2011 on 2011 C stocks (fig. 63). By 2011 fire was responsible for a 2.0-percent reduction in total 
nonsoil C stocks (fig. 64). The acceleration of fire activity after 2000 within the region (fig. 61) 
resulted in a surge in fire’s impact on C stocks (fig. 62). The stable harvest rate in the region 
had a relatively low impact on C stocks (fig. 63), by 2011 resulting in removal of 0.2 percent of 
the regional nonsoil C stocks (fig. 64) that were reported in the NFS baseline C assessment  
derived from FIA data (USDA FS 2015i). These patterns do not account for offsite storage of C 
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Figure 62.  The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Southwestern Region. The difference in storage for each year is shown between an “undisturbed” scenario 
and a scenario that includes only observed amounts of the specified type of disturbance. Error bars represent a 
95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.
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Figure 63.  Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Southwestern Region for the period 1990 through 2011. Insect impacts made up less than 1 percent of the regional 
total.
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Figure 64.  Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each 
national forest and for all national forests in the Southwestern Region. Percent reduction represents how much 
nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.

in wood products. Information about the region’s product C storage can be found in the base-
line C assessment (USDA FS 2015i). 

The effect of insects on C storage accounted for less than 1 percent of the potential C storage 
lost in the region during the study period (fig. 63). Most observed insect activity occurred at 
the end of the study period (2008 or later) (fig. 62), and it is unclear whether this disturbance 
process will continue to increase in importance. 

One caveat must be stated about the confidence intervals depicted in figure 62. The unit 
of analysis for ForCaMF was the national forest (Appendix 9: Southwestern Region, (PDF, 
2.9MB)); rates of simulated error were constrained by FIA estimates at that level. Regional  
aggregation used a secondary Monte Carlo analysis based on the uncertainty of each individual 
forest result, and it assumed that the errors in one forest were independent of errors in other 
forests. This assumption very likely overstated certainty at the regional level; if initial biomass 
estimates in one forest were high, for example, the same estimates were also likely to be  
biased high in other units. This caveat does not change the overall trends seen at the  
aggregated regional level, nor does it affect confidence intervals assessed at the national forest 
level. Fire is by far the dominant disturbance affecting C storage in the region, and its influence 
is growing. Despite relatively frequent fire activity, the C storage impact of disturbance within 
the region on a per unit area basis was relatively low, in part because the landscape generally 
stores less C than national forests in other regions. Another partial explanation may be the  
relatively slow decay factors built into regional variants of FVS, which generated the C  
dynamics used here. Despite relatively low absolute impacts of disturbance, the Southwestern 
Region is notable for the pronounced dominance of one disturbance process (fire).

https://www.fs.fed.us/sites/default/files/Appendix-9-NFS-Disturbance-Carbon-Assessment-Southwestern-Region.pdf
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6.7.4 Effects of Disturbance, Management, and Environmental Factors

This section provides a regional summary of the predicted (modeled) effects of natural 
disturbances, land management, and environmental factors on forest C dynamics depicted in a 
series of figures (figs. 65–68) generated from InTEC model inputs and simulations for  
individual national forests and summed results across all national forests in the Southwestern 
Region. These regional-scale outputs were generated only from the national forest-specific 
datasets; thus, these outputs do not represent lands within the region that are outside of the 
national forest boundaries. The Appendix 9: Southwestern Region, (PDF, 2.9MB) shows the 
effects of disturbance and nondisturbance factors on forest C dynamics within each of the 11 
national forests as modeled by InTEC using this same series of figures.

According to the historical data and model results, forest C trends across the national  
forests in the Southwestern Region have been strongly influenced by the history of land use 
and policies as well as climate variability. Despite variation among these national forests, the 
regionwide stand-age distribution in 2011 shows that most stands are older (>80 years old) 
with a pulse of stand establishment which occurred about 80 to 119 years earlier, or from  
approximately 1891 to 1930 (fig. 65). This spike in establishment may be a result of several  
factors or a sequence of factors, such as regeneration after intensive settlement activities, 
recovery after the last major fires before fire suppression, lower fire frequency because of 
livestock grazing, or favorable climate conditions. Fire suppression, which began in the early 
1900s, allowed more of these young, regenerating stands to survive and continue regrowing in 
the absence of fire. Depending on the forest type, which is mostly pinyon-juniper and  
ponderosa pine, forests would have reached maximum productivity around 45 years old; then 
productivity would have stabilized and remained relatively constant (fig. 66). However, after 
reaching peak productivity, all the other forest types would have shown a decline as forests 
continued to age. Furthermore, after the 1930s, stand establishment dramatically declined, 
especially between the 1950s and 1991. Stand establishment increased again in the 1990s and 
2000s (fig. 65), likely due to recovery after increases in fire disturbances (fig. 61). 

Climate has on average grown much warmer in the region, while precipitation has been 
variable. Though lacking a clear regional trend, precipitation has increased for some  
individual forests and decreased for others in the second half of the period (figs. 67a,b).  
Warmer temperatures can increase soil respiration and evaporative demands, leading to water 
stress and declines in net ecosystem productivity in the absence of increasing rainfall.  
Consequently, more C is released to the atmosphere. As climate continues to change, this 
region is expected to become warmer with higher risks of severe, multidecadal droughts (e.g., 
Ault et al. 2011). Nitrogen deposition increased substantially between the 1950s and 2000s, but 
stabilized and declined in 2008 and 2009 before increasing again (fig. 67c). Atmospheric CO2 
concentrations have increased across the United States and globally as a result of human  
activities since the onset of industrialization. Elevated CO2 levels and N deposition can  
enhance forest growth and increase water-use efficiency, resulting in a positive effect on C 
stocks. 

Regional Results - Southwestern Region

https://www.fs.fed.us/sites/default/files/Appendix-9-NFS-Disturbance-Carbon-Assessment-Southwestern-Region.pdf
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Figure 65.  Age-class distribution in 2011 shown as the percentage of forest land in each forest-type group in 
10-year age classes summed across the national forests in the Southwestern Region (see Appendix 1 for scientific 
names of trees). 
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Figure 66.  Relationship between net primary productivity (NPP) and stand age for each forest-type group  
averaged across all national forests in the Southwestern Region (see Appendix 1 for scientific names of trees). 
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Figure 67a-c.  (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1950 through 2011 averaged across all national forests in the Southwestern Region. Linear trend 
lines shown in black. 
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Figure 68a-e.  Estimated forest carbon (C) changes and accumulations summed across the national forests 
in the Southwestern Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, 
including climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all 
disturbance and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all  
nondisturbance factors combined; and (c) all factors combined, which is the sum of disturbance and aging and 
nondisturbance effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors 
and all factors combined from 1950 through 2011 excluding C accumulated pre-1950. (e) Direct C emissions to the 
atmosphere due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from 
the atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or 
decreases in C stocks.
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The C stock changes across the national forests in the Southwestern Region show that  
forests were mostly a net C sink from the 1950s through the mid-1970s, then gradually shifted 
to a C source in the 1980s and 1990s, before becoming a consistent C source in the 2000s (fig. 
68c). Changing C stocks and C accumulation have been influenced strongly by disturbance 
and aging effects and, to a lesser extent, climate effects (figs. 68a–d). Together the forests were 
a C sink when the stands making up the pulse of establishment between 1890 and 1930 had 
reached maximum productivity around 45 years old (1930s–1970s). During this period, climate 
effects were mostly positive, especially during the 1960s and 1970s, when temperatures were 
slightly lower than average (fig. 67b) and promoted further accumulation of C in forests (fig. 
68d). The forests shifted to a C source in the mid-1970s as stand establishment significantly 
declined and temperatures started increasing more steadily. The C losses from decomposition 
and respiration started to exceed C gains, causing forests to become a C source. 

In the early 2000s, drought conditions, combined with high temperatures (figs. 67a,b), 
further exacerbated the C source (fig. 68a). At the same time, low- to moderate-severity fires 
(fig. 61) also increased, causing a spike in disturbance-induced C emissions (fig. 68e). However, 
these recent disturbances also promoted regrowth and recovery as shown by the small pulse 
of stands less than 20 years old (fig. 65). If these young stands are able to survive and reach 
middle-age in coming decades, they will be growing at a higher productivity rate. Forests could 
potentially accumulate C faster and become a C sink again. 

From the 1950s on, atmospheric CO2 concentrations and N deposition consistently had 
positive effects on forest C, enhancing the C sink and C accumulation (figs. 68a,d). In fact, the 
positive effects of N deposition and CO2 were able to at least partially offset the negative  
disturbance effects since the 1970s and the more recent negative climate effects since the early 
2000s, such that national forests in the Southwestern Region (Appendix 9: Southwestern Re-
gion, (PDF, 2.9MB)) experienced a small net gain of 7 Tg of total ecosystem C, including soil C, 
between 1950 and 2011 (fig. 68d). 

https://www.fs.fed.us/sites/default/files/Appendix-9-NFS-Disturbance-Carbon-Assessment-Southwestern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-9-NFS-Disturbance-Carbon-Assessment-Southwestern-Region.pdf


USDA Forest Service RMRS-GTR-402.  2019								 91

Regional Results - Pacific Southwest Region

6.8 Pacific Southwest Region

6.8.1 Description of Region

The Pacific Southwest Region (also referred to as Region 5) in the National Forest  
System (NFS) consists of the Lake Tahoe Basin Management Unit and 18 national forests 
spread throughout California and into Oregon and Nevada (fig. 69). The analysis of factors 
contributing to C stocks and trends was conducted only on the forested areas of these units. To 
restrict the analysis to only lands managed by the Forest Service, any private inholdings within 
national forest boundaries were excluded.

The history of Euro-American settlement, land use, and policies provides useful context for 
understanding the regional forest C trends that are indicated by the inventory and assessment 
results. Despite colonization by the Spanish in the mid-1700s and a trickle of immigrants over 

Figure 69.  Locations of the national forests in the Pacific Southwest Region.
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the Sierra Nevadas in the 1820s, it was the discovery of gold in 1849 that brought a flood of 
immigrants to California. The development of gold mining operations triggered a population 
explosion and great demand for wood products. As a result, the forests were cleared to support 
mining operations, railroad construction, and the spread of towns and cities through the Sierra 
Nevada region, along the Pacific coast north of San Francisco, and in the pine forests of  
Southern California (USDA FS 1927) (see Appendix 1 for scientific names of species mentioned 
in this report). Timber harvesting continued to increase steadily into the early 1900s  
(Stockman et al. 2014c). Settlers also brought herds of grazing cattle and sheep which  
trampled, foraged, and eroded forest lands. While early Indians used fire to clear land for  
hunting and protection, the advent of Euro-American settlers led to more extensive, frequent, 
and uncontrolled fires in the forests of California. However, many of these gold seekers and 
settlers were forward-thinking and pressed for forest conservation (USDA FS 1927). Their  
advocacy inspired the first instance in which the U.S. Government set aside park land for  
public use and recreation. Lands set aside in 1864 under the Yosemite Grant were initially 
managed by the State of California, and administration of this grant paved the way for the  
creation of the first national park in Yellowstone. 

By the 1890s, the first forest reserves were designated and more sustainable timber, live-
stock grazing, and fire management became an objective. The California lumber industry 
declined during the Great Depression in the 1930s before rapidly increasing again in the 1950s 
and 1960s (Stockman et al. 2014c). A national policy of fire suppression, which began after the 
devastating 1910 fire season, entailed intensive efforts to prevent, detect, and suppress all wild-
fires (Baker et al. 1993; Pyne 1982). This policy caused significant declines in fire frequency and 
area burned throughout the Cascades, Klamath Mountains, Tahoe Basin, and Sierra  
Nevada region, allowing forests to regenerate and survive in the absence of fire (Beaty and  
Taylor 2008). A policy shift from fire control to fire management in the 1970s enabled natural 
fires to burn across landscapes where safe and appropriate, in an attempt to restore historical 
fire regimes (Pyne 1982).

Both land use history and recent changes in climate have led to large and severe  
disturbances as well as more frequent and severe droughts in the Pacific Southwest Region 
over the past few decades. Between 1984 and 2006 the extent of high-severity, stand-replacing 
fires has dramatically increased in California and fires are burning at generally higher  
severities than before Euro-American settlement (Miller et al. 2009). Since the 1970s the  
frequency of wildfires has also increased in much of the western United States due to  
warmer and drier conditions as well as the build-up of surface fuels resulting from a history of 
fire suppression (Westerling et al. 2006). Elevated tree mortality in California has been linked 
to multiyear droughts characterized by low winter to spring snowpack, followed by high spring 
and summer temperatures (Guarín and Taylor 2005; van Mantgem et al. 2009). The super El 
Niño of 1982 to 1983 brought damaging storms with strong winds, heavy snowfall, and  
flooding rains across all of California. 

Recent tree mortality is one of the most urgent issues facing the region and California. This 
unprecedented event is crossing all land ownerships and affecting entire landscapes and  
ecosystems. With California in its fifth consecutive year of severe drought, lack of moisture 
and elevated bark beetle activity have killed an estimated 66 million trees throughout the State 
since 2010. The west slope of the southern Sierra Nevadas, including the Stanislaus, Sierra, and 
Sequoia National Forests, has been the hardest hit area. 

Regional Results - Pacific Southwest Region



USDA Forest Service RMRS-GTR-402.  2019								                                     93

Regional Results - Pacific Southwest Region
 

  
  
  

0

1

2

3

Pe
rc

en
ta

ge
 o

f f
or

es
t d

ist
ur

be
d

Year

(a)

Abiotic
Insects
Harvest
Fire

0

1

2

3

Year

(b)
4
3
2
1

Figure 70.  Annual rates of disturbance (0 to 3 percent) in the Pacific Southwest Region, mapped using visual 
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
from 1991 through 2011 by (a) disturbance types including fire, harvests, insects, and abiotic; and b) magnitude 
classes, characterized by percentage change in canopy cover (CC) and categorized as follows: (1) 0 to 25 percent 
CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.

6.8.2 Disturbance Trends 

Mapped rates of fire, harvest, and insect activity and the intensity of these  
disturbances (change in canopy cover) for the Pacific Southwest Region are displayed in figure 
70. The disturbance maps were derived from Landsat satellite imagery; a systematic process of 
manual editing and attribution of disturbance type using spatial records of harvests, fire, and 
insects; and high- and medium-resolution imagery. Regional disturbance patterns are marked 
by relatively low, but stable, harvest rates, and periodic large fire years that have occurred since 
2000 (fig. 70a). Fires were largest in 2000 and 2008, disturbing about 1 percent and 2 percent 
of the forested area, respectively. Disturbances were mostly moderate intensity (25 to 75  
percent change in canopy cover), with very little area affected by high-intensity, stand- 
replacing disturbances (76 to 100 percent change in canopy cover) (fig. 70b). 

6.8.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Pacific Southwest 
Region in figure 71. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation 
to the amount of C that would have been stored in the absence of the particular disturbance 
process. This means that the impact of a disturbance is felt beyond the year it happens. If fires 
first occur in 2006, for example, the line of fire in figure 71 will only start to diverge from zero 
in that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire 
C stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an undisturbed scenario. Thus, figure 71 reflects the real-time impact 
of disturbance on the forest’s ability to store C in relation to storage likely in the absence of 
disturbance.
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Figure 71.  The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Pacific Southwest Region. The difference in storage for each year is shown between an “undisturbed”  
scenario and a scenario that includes only observed amounts of the specified type of disturbance. Error bars  
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Figure 72.  Proportional effect of different kinds of disturbance on carbon storage in all national forests in the 
Pacific Southwest Region for the period 1990 through 2011.
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Fire accounted for approximately three-quarters of the disturbance impact on 2011 C stocks 
(fig. 72). The area of forests affected by fires started to increase in the 2000s, which was  
approximately the point during the study period when the impact of fire exceeded the impact 
of harvest in the region (fig. 71). Fires were particularly large in 2000 and 2008, when they 
affected more than 1 percent of the region’s forest land. In 2008, about 2 percent of the region’s 
forests was affected by fire, and local rates on some forests were much higher. A substantial  
increase in the impact of fire on the region’s C storage may be seen in 2008 (fig. 71). By 2011, 
fires accounted for a 2.1-percent reduction in nonsoil C storage in the region (fig. 73).

The C impact of harvest within the region was relatively stable from 1990 through 2011 
(fig. 71), because harvest levels, while low, were consistent throughout the period. Harvest  
represented about one-quarter of the disturbance impact on 2011 landscape C storage (fig. 
72). By 2011, this represented a reduction of about 0.7 percent of the regional nonsoil C stocks 
(fig. 73) that were reported in the NFS baseline C assessment derived from FIA data (USDA FS 
2015e). These patterns do not account for offsite storage of C in wood products.  
Information about the region’s product C storage can be found in the baseline C assessment 
(USDA FS 2015e). 
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Figure 73.  Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each  
national forest and for all national forests combined in the Pacific Southwest Region. Percent reduction represents 
how much nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.
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The effect of insects on C storage represented approximately 1 percent of the disturbance 
impact on the region during the study period (fig. 72), with relatively higher impacts only in 
the Modoc National Forest (approximately 10 percent; Appendix 10: Pacific Southwest Region 
(PDF, 4.2MB)). Insect activity caused a small reduction (0.02 percent) in nonsoil C storage by 
2011 (fig. 73). Most observed insect activity occurred at the end of the study period (2008 or 
later).

One caveat must be stated about the confidence intervals depicted in figure 71. The unit 
of analysis for ForCaMF was the national forest; rates of simulated error were constrained by 
FIA estimates at that level. Regional aggregation used a secondary Monte Carlo analysis based 
on the uncertainty of each individual forest result, and it assumed that the errors in one forest 
were independent of errors in other forests. This assumption very likely overstated certainty at 
the regional level; if initial biomass estimates in one forest were high, for example, the same es-
timates were also likely to be biased high in other units. This caveat does not change the overall 
trends seen at the aggregated regional level, nor does it affect confidence intervals assessed 
at the national forest level. Fire has been the dominant disturbance affecting C storage in the 
region, and its influence is growing. On a per unit area basis, the C storage impact of fire in the 
Pacific Southwest was by far the greatest of all the regions. 

6.8.4 Effects of Disturbance, Management, and Environmental factors

This section provides a regional summary of the predicted (modeled) effects of natural 
disturbances, land management, and environmental factors on forest C dynamics depicted in 
a series of figures (figs. 74–77) generated by InTEC simulations for individual national forests 
and summed results across all national forests in the Pacific Southwest Region. These  
regional-scale outputs were generated only from the national forest-specific datasets; thus, 
these outputs do not represent lands within the region that are outside of the national forest 
boundaries. Appendix 10: Pacific Southwest Region (PDF, 4.2MB) shows the effects of  
disturbance and nondisturbance factors on forest C dynamics within each of the 18 national 
forests as modeled by InTEC using this same series of figures.

According to the historical data and model results, forest C trends across the national 
forests in the Pacific Southwest Region have been strongly influenced by the history of land 
use and policies as well as climate change. Despite variation among these national forests, the 
regionwide stand-age distribution in 2010 shows a distinct pulse of stands established  
approximately 70 to 109 years earlier, or from about 1901 to 1940 (fig. 74). This pulse of stand 
establishment reflects forest recovery from disturbances after the onset of rapid settlement 
of California following the discovery of gold in the mid-1800s. In the early 1900s, California’s 
national forests were designated and more sustainable land use became a focus, helping forests 
to regenerate. Another important factor during the regeneration phase was fire suppression, 
which may have allowed more stands to survive and continue regrowing rather than being  
disturbed at a more typical historical rate of fires (Pyne et al. 1982). Depending on the forest 
type, which is mostly California mixed conifer followed by Douglas-fir and fir/spruce/ 
mountain hemlock (fig. 74), these pulses of stand establishment would have reached their  
maximum productivity at 35 to 45 years old (fig. 75), or from the 1930 through 1980s.

Regional Results - Pacific Southwest Region

https://www.fs.fed.us/sites/default/files/Appendix-10-NFS-Disturbance-Carbon-Assessment-Pacific-Southwest-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-10-NFS-Disturbance-Carbon-Assessment-Pacific-Southwest-Region.pdf
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Figure 74.  Age-class distribution in 2011 shown as the percentage of forest land in each forest-type group in 
10-year age classes summed across the national forests in the Pacific Southwest Region (see Appendix 1 for
scientific names of trees).
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Figure 75.  Relationship between net primary productivity (NPP) and stand age for each forest-type group  
averaged across all national forests in the Pacific Southwest Region (see Appendix 1 for scientific names of trees). 
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Figure 76a-c.  (a) Total annual precipitation, (b) average annual temperature, and (c) total annual nitrogen 
deposition from 1951 through 2011 averaged across all national forests in the Pacific Southwest Region. Linear 
trend lines shown in black. 
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Figure 77a-e.  Estimated forest carbon (C) changes and accumulations summed across the national forests in 
the Pacific Southwest Region. Changes in C stocks are attributed to: (a) individual nondisturbance factors alone, 
including climate variability, atmospheric carbon dioxide (CO2) concentration, and nitrogen deposition; (b) all 
disturbance and aging factors including fire, harvest, insects, and regrowth and aging, and the sum of all  
nondisturbance factors combined; and (c) all factors combined, which is the sum of disturbance and aging and 
nondisturbance effects. (d) Accumulated C due to individual disturbance and aging and nondisturbance factors 
and all factors combined from 1950 through 2011 excluding C accumulated pre-1950. (e) Direct C emissions to the 
atmosphere due to disturbance events only. Positive values in graphs (a) through (c) represent net C sinks from 
the atmosphere, or increases in C stocks, whereas negative values represent net C sources to the atmosphere, or 
decreases in C stocks.
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The forest C dynamics in the Pacific Southwest Region have also been influenced by a recent 
increase in disturbances. Although the percentage of forest land harvested remained around 
0.1 percent annually from 1991 to 2011, the percentage of forests burned by moderate-severity 
fires has greatly increased since 2000. In 2008 fires affected more than 2 percent of all forested 
areas in these national forests (fig. 70a). Despite this increase in disturbances, the stand-age 
distribution does not yet reflect an increase in regeneration (fig. 74).

While precipitation from 1951 to 2011 did not show a consistent trend, the 1982 to 1983 
“super” El Niño event stands out as a period of significantly elevated precipitation (fig. 76a). 
Wetter conditions can enhance forest growth and C uptake. On the other hand, temperatures 
increased substantially from 1951 to 2011 (fig. 76b). Warmer temperatures can increase soil 
respiration and evaporative demands, leading to water stress and declines in net ecosystem 
productivity. Consequently, more C is released to the atmosphere. As climate continues to 
change, this region along with most of the United States is expected to get warmer while  
precipitation will continue to vary annually. Nitrogen deposition increased steadily from 1951 
through the mid-1990s before spiking in 1998 to 1999 (fig. 76c). Nitrogen deposition then 
declined in the 2000s, possibly as the result of tighter environmental regulations or drought 
conditions decreasing the amount of wet deposition. Atmospheric CO2 concentrations have 
risen dramatically and are expected to continue to rise for the foreseeable future.

The C stock changes and accumulations across national forests in this region show that 
forests generally experienced a switch from a C sink to a C source around the early 1980s (figs. 
77a–c). As a result of this shift, C accumulation has been steadily declining since the mid-1980s 
(fig. 77d). Disturbance and aging effects have been mostly responsible for declining C stocks 
(fig. 77b), which can be attributed to the timing of Euro-American settlement, land use change, 
or potentially large fires that shaped forest structure (fig. 74). From the 1950s to the early 
1980s, the forests were mostly a C sink due to positive disturbance and aging effects, as the  
early-1900s pulse of stands was middle-aged and therefore growing at maximum productivity. 
As these forests further aged, productivity declined and subsequently the rate of C  
accumulation declined. Meanwhile the effects of disturbance were increasing to the point 
where C emissions due to decomposition and disturbances exceeded C gains, and as a result 
the forests became a C source (figs. 77b,c). This decline was coupled with lower rates of stand 
establishment in the mid-1900s. Additionally, recent large fires caused pulses of C emissions 
to the atmosphere (fig. 77e), and disturbance and aging effects maintained a C source through 
2011 (fig. 77b). 

Climate has had a highly variable effect on changing C stocks following interannual  
variability in temperature and precipitation (figs. 76a,b). Generally climate had a positive effect 
on C stock change during cooler or wetter years such as 1971 and 2010, and especially during 
the El Niño of 1982 to 1983 (fig. 77a). On the other hand, climate effects caused a C source 
during warmer or drier years such as 1958 to 1959 and 2001. The increasing trend in  
temperatures has had a negative effect on C stocks and contributed to the switch to a C source 
(fig. 77a) and decline in C accumulation in recent decades (fig. 77d). 

Increases in N deposition (fig. 76c) and atmospheric CO2 concentrations have consistently 
enhanced the C sink and helped to counteract the negative disturbance and aging and climate 
effects (figs. 77a,d). Without these positive effects from N deposition and CO2 fertilization,  
forests would have experienced a net loss of C between 1950 and 2011. However, the N  
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deposition effect decreased in the 2000s (fig. 77a) as N deposition levels were significantly  
reduced (fig. 76c). The increasing atmospheric CO2 concentrations have the potential to  
continue to counteract the negative disturbance and aging and climate effects into the future. 

Although a few national forests in the Pacific Southwest Region had a net loss of forest C, 
most forests had C gains from 1950 to 2011, resulting in a regionwide gain of approximately 53 
Tg of ecosystem C, including soil C, between 1950 and 2011 (fig. 77d). 

Regional Results - Pacific Southwest Region
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Figure 78.  Locations of the national forests in the Alaska Region.

6.9 Alaska Region

6.9.1 Description of Region

The Alaska Region (also referred to as Region 10) in the National Forest System consists of 
two of the largest national forests in the United States. These units are located on the mainland 
and islands of southeastern Alaska (fig. 78). The analysis of factors contributing to C stocks 
and trends was conducted only on the forested areas of these national forests. To restrict the 
analysis to lands managed by the Forest Service, any private inholdings within national forest 
boundaries were excluded. 

The history of Euro-American settlement, land use, and policies provides useful context for 
understanding the regional forest C trends that are indicated by the inventory and assessment 
results. The first Euro-American settlers came to Alaska for the fur trade, the salmon industry, 
and mining operations. Not until the Klondike gold discovery in 1888, however, was a major 
boom in settlement spawned in southeastern Alaska. Early timber operations generally  
supported local development and the needs of the fishing and mining industries but remained 
small-scale as the distance to prime markets hindered expansion. Despite the influence of the 
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conservation movement in the early 1900s, which led to the establishment of forest reserves in 
Alaska (e.g., the Tongass and Chugach National Forests in 1907), the forest products industry 
grew steadily in southeastern Alaska (Haycox 2002).

Both World Wars caused an increase in harvesting operations to support aircraft  
manufacturing. In 1947, Congress passed the Tongass Timber Act, which authorized long-term 
timber contracts to support pulp mills in southern Alaska. Annual timber harvests  
consequently quadrupled in the 1950s. Most of the commercial timber harvests in southeastern 
Alaska had historically occurred in high-volume old-growth stands. Ecological concerns over 
the value of intact old-growth forest led to a policy shift from mandated timber harvesting to 
multiple resource use management of the national forests in the Alaska Region (Sisk 2007). 
Overall, annual timber harvests in the Alaska Region peaked in the 1970s and late 1980s, but 
declined precipitously in the 1990s. Since 2000 they have remained at the low levels of the  
early 1900s (Loeffler et al. 2014a). 

Aside from the timber industry, the forest C legacy of the Alaska Region is tied to the  
history of natural disturbances. Unlike much of the western United States, fires are  
relatively minor. Since 1900, few fires in southeastern Alaska have burned more than 100 acres 
(40 hectares), as a result of the cool, moist, temperate-rainforest conditions. In contrast, wind 
is a common and highly destructive disturbance agent within these coastal forests. The most 
damaging windstorm was the 1968 Thanksgiving Day storm, which was characterized by up to 
100 mile per hour (160 km/hr) winds and left some 1 billion board feet (2 million m3) of  
timber in a single concentrated blowdown as well as several smaller scattered blowdowns  
(Harris and Farr 1974). 

In addition to wind, insects such as the spruce beetle are a key disturbance agent in the 
Alaska Region (Bentz et al. 2010). From 1990 to 2000 an extensive spruce beetle outbreak  
resulted in the mortality of about 4.7 million acres (1.9 million hectares) of forests in 
south-central Alaska. Warming temperatures increase the susceptibility to spruce beetle out-
breaks while also altering the life-cycle of spruce beetles, thus increasing their numbers  
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Figure 79a-b.  Annual rates of disturbance (0 to 0.3 percent) in the Alaska Region, mapped using visual  
interpretation of several independent datasets and summarized as the percentage of the forested area disturbed 
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CC, (2) 25 to 50 percent CC, (3) 50 to 75 percent CC, and (4) 75 to 100 percent CC.
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(Werner et al. 2006). Due to its high latitude, Alaska has seen a more rapid increase in  
temperatures during the last century than any other U.S. region, so climate change impacts on 
the region’s forests are especially intense (Haufler et al. 2010). 

6.9.2 Disturbance Trends

Mapped rates of fire, harvest, and insect activity and the intensity of these disturbances 
(change in canopy cover) for the Alaska Region are displayed in figure 79. The disturbance 
maps were derived from Landsat satellite imagery; a systematic process of manual editing and 
attribution of disturbance type using spatial records of harvests, fire, and insects; and high- 
and medium-resolution imagery. Harvest was the most common and consistent type of forest 
disturbance in the region although harvest rates exceeded 0.1 percent of the landscape in only 
1 year during the study period and there was a general downward trend from the early 1990s to 
2011 (fig. 79a). Low-level insect disturbance occurred throughout the period, and storm  
damage was relatively extensive in 2011. During this period, more than 60 percent of the  
disturbed area was characterized as low intensity (<25 percent change in canopy cover)  
(fig. 79b). 
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Figure 80.  The impact of different kinds of disturbance, occurring from 1990 through 2011, on carbon (C) stores 
in the Alaska Region. The difference in storage for each year is shown between an “undisturbed” scenario and a 
scenario that includes only observed amounts of the specified type of disturbance. Error bars represent a  
95-percent confidence interval; 100 g/m2 equals 1 metric tonne (or Mg)/ha.
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Harvest
100%

Effect of Different Disturbances, 1990-2011, on 
Carbon Storage in the Alaska Region

Figure 81.  Proportional effect of different kinds of disturbance on carbon storage in both national forests in the 
Alaska Region for the period 1990 through 2011.
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Figure 82.  Carbon stock reduction in 2011 due to disturbances occurring from 1990 through 2011, by each  
national forest and for all national forests combined in the Alaska Region. Percent reduction represents how much 
nonsoil carbon was lost from the baseline forest inventory carbon stock estimates.
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6.9.3 Effects of Disturbance and Management Activities

The primary purpose of ForCaMF is to estimate the relative impacts of different kinds of 
disturbance in the last two decades on current C stocks, displayed for the Alaska Region in 
figure 80. The impact of disturbance (DF, as defined in eq. 1) is expressed in relation to the 
amount of C that would have been stored in the absence of the particular disturbance process. 
This means that the impact of a disturbance is felt beyond the year it happens. If fires first  
occur in 1992, for example, the line of fire in figure 80 will only start to diverge from zero in 
that year. The fire line may continue to diverge because ForCaMF’s accounting of postfire C 
stocks will (realistically) reflect gradual release of fire-killed material, partially offsetting C 
gained through regrowth and persistently increasing the difference between postfire C storage 
and storage likely under an undisturbed scenario. Thus, figure 80 reflects the real-time impact 
of disturbance on the forest’s ability to store C in relation to storage likely in the absence of 
disturbance.

Harvest activity was effectively the only disturbance process to have an impact on C stocks 
in the region (figs. 80, 81); the detected fire and insect activity on the two national forests had 
negligible impact on C stocks at the regional level. Harvest impact, though larger than the other 
types of disturbance, was among the smallest of any of the regions because cutting generally  
affected less than 0.05 percent of forest land per year (fig 79). Harvests occurring between 
1900 and 2011 resulted in a 0.2-percent reduction in 2011 nonsoil C storage (fig. 82). 

One caveat must be stated about the confidence intervals depicted in figure 80. The unit 
of analysis for ForCaMF was the national forest (Appendix 11: Alaska Region, (PDF, 1.0MB)); 
rates of simulated error were constrained by FIA estimates at that level. Regional aggregation 
used a secondary Monte Carlo analysis based on the uncertainty of each individual forest re-
sult, and it assumed that the errors in one forest were independent of errors in the other forest. 
This assumption very likely overstated certainty slightly at the regional level; if initial biomass 
estimates in one forest were high, for example, the same estimates were also likely to be biased 
high in the other unit. This caveat does not change the overall trends seen at the aggregated 
regional level, nor does it affect confidence intervals assessed at the national forest level. Har-
vests were clearly the most important disturbance process with respect to C storage, although 
fire and wind were locally important. 

6.9.4 Effects of Disturbance, Management, and Environmental Factors

The InTEC model was not applied to the national forests in Alaska. 

Regional Results - Alaska Region

https://www.fs.fed.us/sites/default/files/Appendix-11-NFS-Disturbance-Carbon-Assessment-Alaska-Region.pdf
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Appendix 1: Description of Forest-Type Group and Forest  
Dominance-Type Aggregations, and Common and Scientific Names of 
Flora and Fauna Mentioned in this Report Forest Inventory and  
Analysis Forest-Type Groups

Following are forest types and forest-type groups as defined by the Forest Inventory and 
Analysis (FIA) program of the Forest Service, Department of Agriculture (Burrill et al. 2018). 
An FIA database code is also associated with each forest type or forest-type group. Carbon 
modeling in all national forest system regions, except for the Northern Region, used this FIA 
forest-type group classification. Scientific names accompany each genus or species.

100 White/red/jack pine group
101 Jack pine (Pinus banksiana)
102 Red pine (Pinus resinosa)
103 Eastern white pine (Pinus strobus)
104 Eastern white pine/eastern hemlock (Pinus strobus/Tsuga canadensis)
105 Eastern hemlock (Tsuga canadensis)

120 Spruce/fir group
121 Balsam fir (Abies balsamea)
122 White spruce (Picea glauca)
123 Red spruce (Picea rubens)
124 Red spruce/balsam fir (Picea rubens/Abies balsamea)
125 Black spruce (Picea mariana)
126 Tamarack (Larix laricina)
127 Northern white-cedar (Thuja occidentalis)
128 Fraser fir (Abies fraseri)
129 Red spruce/Fraser fir (Picea rubens/Abies fraseri)

140 Longleaf/slash pine group
141 Longleaf pine (Pinus palustris)
142 Slash pine (Pinus elliotti)

150 Tropical softwoods group
151 Tropical pines (Pinus spp.)

160 Loblolly/shortleaf pine group
161 Loblolly pine (Pinus taeda)
162 Shortleaf pine (Pinus echinata)
163 Virginia pine (Pinus virginiana)
164 Sand pine (Pinus clausa)
165 Table mountain pine (Pinus pungens)
166 Pond pine (Pinus serotina)

Appendix 1
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167 Pitch pine (Pinus rigida)
168 Spruce pine (Pinus glabra)

170 Other eastern softwoods group
171 Eastern redcedar (Juniperus virginiana)
172 Florida softwoods

180 Pinyon/juniper group
182 Rocky Mountain juniper (Juniperus scopulorum)
184 Juniper woodland (Juniperus spp.)
185 Pinyon/juniper woodland (Pinus spp./Juniperus spp.)

200 Douglas-fir group
201 Douglas-fir (Pseudotsuga menziesii)
202 Port-Orford-cedar (Chamaecyparis lawsoniana)
203 Bigcone Douglas-fir (Pseudotsuga macrocarpa)

220 Ponderosa pine group
221 Ponderosa pine (Pinus ponderosa)
222 Incense-cedar (Calocedrus decurrens)
224 Sugar pine (Pinus lambertiana)
225 Jeffrey pine (Pinus jeffreyi)
226 Coulter pine (Pinus coulteri)

240 Western white pine group
241 Western white pine (Pinus monticola)

260 Fir/spruce/mountain hemlock group
261 White fir (Abies concolor)
262 Red fir (Abies magnifica)
263 Noble fir (Abies procera)
264 Pacific silver fir (Abies amabilis)
265 Engelmann spruce (Picea engelmannii)
266 Engelmann spruce/subalpine fir (Picea engelmannii/Abies lasiocarpa)
267 Grand fir (Abies grandis)
268 Subalpine fir (Abies lasiocarpa)
269 Blue spruce (Picea pungens)
270 Mountain hemlock (Tsuga mertensiana)
271 Alaska-yellow-cedar (Chaemaecyparis nootkatensis)

280 Lodgepole pine group
281 Lodgepole pine (Pinus contorta)
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300 Hemlock/Sitka spruce group
301 Western hemlock (Tsuga heterophylla)
304 Western redcedar (Thuja plicata)
305 Sitka spruce (Picea sitchensis)

320 Western larch group 
321 Western larch (Larix laricina)

340 Redwood group
341 Redwood (Sequoia sempervirens)
342 Giant sequoia (Sequoiadendron giganteum)

360 Other western softwoods group
361 Knobcone pine (Pinus attenuata)
362 Southwestern white pine (Pinus strobiformis)
363 Bishop pine (Pinus muricata)
364 Monterey pine (Pinus radiata)
365 Foxtail pine/bristlecone pine (Pinus balfouriana/Pinus aristata)
366 Limber pine (Pinus flexilis)
367 Whitebark pine (Pinus albicaulus) 
368 Miscellaneous western softwoods
369 Western juniper (Juniperus occidentalis)

370 California mixed conifer group
371 California mixed conifer

380 Exotic softwoods group
381 Scotch pine (Pinus sylvestris)
383 Other exotic softwoods
384 Norway spruce (Pinus abies)
385 Introduced larch (Larix spp.)

390 Other softwoods group
391 Other softwoods

400 Oak/pine group
401 Eastern white pine/northern red oak/white ash (Pinus strobus/Quercus rubra/ 

              Fraxinus americana)
402 Eastern redcedar/hardwood (Juniperus virginiana/hardwood)
403 Longleaf pine/oak (Pinus palustris/Quercus spp.)
404 Shortleaf pine/oak (Pinus echinata/Quercus spp.)
405 Virginia pine/southern red oak (Pinus virginiana/Quercus falcata)
406 Loblolly pine/hardwood (Pinus taeda/hardwood)
407 Slash pine/hardwood (Pinus elliottii)
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409 Other pine/hardwood (Pinus spp./hardwood)

500 Oak/hickory group
501 Post oak/blackjack oak (Quercus stellata/Quercus marilandica)
502 Chestnut oak (Quercus prinus)
503 White oak/red oak/hickory (Quercus alba/Quercus spp./Carya spp.)
504 White oak (Quercus alba)
505 Northern red oak (Quercus rubra)
506 Yellow-poplar/white oak/northern red oak (Liriodendron tulipifera/Quercus alba/ 

              Quercus rubra)
507 Sassafras/persimmon (Sassafras albidum/Diospyros spp.)
508 Sweetgum/yellow-poplar (Liquidambar styraciflua/Liriodendron tulipifera)
509 Bur oak (Quercus macrocarpa)
510 Scarlet oak (Quercus coccinea)
511 Yellow-poplar (Liriodendron tulipifera)
512 Black walnut (Juglans nigra)
513 Black locust (Robinia pseudoacacia)
514 Southern scrub oak (Quercus ilicifolia)
515 Chestnut oak/black oak/scarlet oak (Quercus spp./Quercus velutina/Quercus 

              coccinea)
516 Cherry/white ash/yellow-poplar (Prunus spp./Fraxinus americana/Liriodendron 

              tulipifera)
517 Elm/ash/black locust (Ulmus spp./Fraxinus spp./Robinia pseudoacacia)
519 Red maple/oak (Acer rubrum/Quercus spp.)
520 Mixed upland hardwoods

600 Oak/gum/cypress group
601 Swamp chestnut oak/cherrybark oak (Quercus michauxii/Quercus pagoda)
602 Sweetgum/Nuttall oak/willow oak (Liquidambar styraciflua/Quercus texana/ 

              Quercus phellos)
605 Overcup oak/water hickory (Quercus lyrata/Carya aquatica)
606 Atlantic white-cedar (Chamaecyparis nootkatensis)
607 Baldcypress/water tupelo (Taxodium spp./Nyssa aquatica)
608 Sweetbay/swamp tupelo/red maple (Magnolia virginiana/Nyssa biflora/Acer 

rubrum)
609 Baldcypress/pondcypress (Taxodium spp./Taxodium ascendens)

700 Elm/ash/cottonwood group
701 Black ash/American elm/red maple (Fraxinus nigra/Ulmus americana/Acer 

              rubrum)
702 River birch/sycamore (Betula nigra/Platanus spp.)
703 Cottonwood (Populus spp.)
704 Willow (Salix spp.)
705 Sycamore/pecan/American elm (Platanus spp./Carya illinoiensis)
706 Sugarberry/hackberry/elm/green ash (Celtis laevigata/Celtis spp./Ulmus spp./ 
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              Fraxinus pennsylvanica)
707 Silver maple/American elm (Acer saccharinum/Ulmus americana)
708 Red maple/lowland (Acer rubrum/lowland)
709 Cottonwood/willow (Populus spp./Salix spp.)
722 Oregon ash (Fraxinus texensis)

800 Maple/beech/birch group
801 Sugar maple/beech/yellow birch (Acer saccharum/Fagus spp./Betula 

              alleghaniensis)
802 Black cherry (Prunus serotina)
805 Hard maple/basswood (Acer spp./Tilia spp.)
809 Red maple/upland (Acer rubrum/upland)

900 Aspen/birch group 
901 Aspen (Populus spp.)
902 Paper birch (Betula papyrifera)
903 Gray birch (Petula populifolia)
904 Balsam poplar (Populus balsamifera)
905 Pin cherry (Prunus pensylvanica)

910 Alder/maple group
911 Red alder (Alnus rubra)
912 Bigleaf maple (Acer macrophyllum)

920 Western oak group
921 Gray pine (Pinus sabiniana)
922 California black oak (Quercus kelloggii)
923 Oregon white oak (Quercus garryana)
924 Blue oak (Quercus douglasii)
931 Coast live oak (Quercus agrifolia)
933 Canyon live oak (Quercus chrysolepis)
934 Interior live oak (Quercus wislizeni)
935 California white oak (valley oak) (Quercus lobaba)

940 Tanoak/laurel group
941 Tanoak (Lithocarpus densiflorus)
942 California laurel (Umbellaria californica)
943 Giant chinkapin (Chrysolepis chrysophylla var. chrysophylla)

960 Other hardwoods group
961 Pacific madrone (Arbutus menziesii)
962 Other hardwoods

970 Woodland hardwoods group
971 Deciduous oak woodland
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972 Evergreen oak woodland
973 Mesquite woodland (Prosopis spp.)
974 Cercocarpus (mountain brush) woodland
975 Intermountain maple woodland
976 Miscellaneous woodland hardwoods

980 Tropical hardwoods group
982 Mangrove (Avicennia germinans, Conocarpus erectus, Laguncularia racemosa, 

Rhizophora mangle)
983 Palms (family Arecaceae)
984 Dry forest
985 Moist forest
986 Wet and rain forest
987 Lower montane wet and rain forest
989 Other tropical hardwoods

990 Exotic hardwoods group
991 Paulownia (Paulownia tomentosa)
992 Melaleuca (Melaleuca quinquenervia)
993 Eucalyptus (Eucalyptus spp.)
995 Other exotic hardwoods

988 Cloud forest

999 Nonstocked

Dominance Types in the Northern Region

Carbon modeling for the Northern Region made use of forest dominance types instead of 
the FIA forest-type groups shown previously. Dominance types are defined by the species with 
the greatest abundance of canopy cover, basal area, or trees per acre (hectare) within a setting. 
The species that define the dominance type are always of the same lifeform; therefore, it is first 
necessary to identify the dominant lifeform and subclass. The following dominance types have 
been identified in the Northern Region (Brown and Barber 2012):

Douglas-fir (PSME): Douglas-fir (Pseudotsuga menziesii) composes 60 percent or more 
of total relative tree abundance. 

Lodgepole pine (PICO): Lodgepole pine (Pinus contorta) composes 60 percent or more 
of total relative tree abundance. 

Subalpine fir (ABLA): Subalpine fir (Abies lasiocarpa) composes 60 percent or more of 
total relative tree abundance. 

Ponderosa pine (PIPO): Ponderosa pine (Pinus ponderosa) composes 60 percent or 
more of total relative tree abundance. 

Appendix 1
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Hardwood mixed (HMIX): Abundance of all hardwood trees exceeds 40 percent of total 
relative tree abundance. 

Shade-intolerant mixed (IMIX): Abundance of all hardwood and shade-intolerant coni-
fer trees exceeds 50 percent of total relative tree abundance.

Shade-tolerant mixed (TMIX): Abundance of all hardwood and shade-intolerant conifer 
trees is less than 50 percent of total relative tree abundance.

Common and Scientific Names of Fauna Mentioned in this Report 

hemlock woolly adelgid (Adelges tsugae)

emerald ash borer (Agrilus planipennis)

cattle, oxen (Bos taurus)

eastern spruce budworm (Choristoneura fumiferana)

bark beetle (family Curculionidae, subfamily Scolytinae)

southern pine beetle (Dendroctonus frontalis)

mountain pine beetle (Dendroctonus ponderosae)

spruce beetle (Dendroctonus rufipennis)

gypsy moth (Lymantria dispar)

forest tent caterpillar (Malacosoma disstria)

sheep (Ovis aries)

northern spotted owl (Strix occidentalis caurina) 
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Appendix 2: Online Resources

Appendices 3-11: Regional Disturbance Carbon Assessments

Appendix 3: Eastern Region 
Appendix 4: Southern Region 
Appendix 5: Northern Region 
Appendix 6: Rocky Mountain Region 
Appendix 7: Intermountain Region 
Appendix 8: Pacific Northwest Region 
Appendix 9: Southwestern Region 
Appendix 10: Pacific Southwest Region 
Appendix 11: Alaska Region

Baseline Carbon Reports - https://www.fs.fed.us/managing-land/sc/carbon

Northern Region (R1) Report 
Rocky Mountain Region (R2) Report 
Southwestern Region (R3) Report 
Intermountain Region (R4) Report 
Pacific Southwest Region (R5) Report 
Pacific Northwest Region (R6) Report 
Southern Region (R8) Report 
Eastern Region (R9) Report 
Alaska Region (R10) Report 
Regional Baseline Rational

Climate Change - Land Management & Project Planning - 
https://www.fs.fed.us/emc/nepa/climate_change/index.shtml

Climate Change Performance Scorecard - 
https://www.fs.fed.us/climatechange/advisor/scorecard/scorecard-guidance-08-2011.pdf

Ecosystem Restoration Policy and Directive (FSH 2020) - https://www.federalregister.gov/
documents/2016/04/27/2016-09750/ecosystem-restoration-policy

National Roadmap for Responding to Climate Change - 
https://www.fs.fed.us/climatechange/pdf/Roadmapfinal.pdf

Research Data Archive - https://www.fs.usda.gov/rds/archive/catalog/RMRS-GTR-402-s1 

Scorecard Appendix F: Carbon Asessment Technical Guidance - 
https://www.fs.fed.us/climatechange/advisor/scorecard/appendix/F%201-21-2011.pdf

U.S. Forest Planning Rule - https://www.fs.usda.gov/planningrule

Weeks Act - https://www.fs.fed.us/land/staff/Documents/Weeks%20Law.pdf

Appendix 2

https://www.fs.fed.us/sites/default/files/Appendix-3-NFS-Disturbance-Carbon-Assessment-Eastern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-4-NFS-Disturbance-Carbon-Assessment-Southern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-5-NFS-Disturbance-Carbon-Assessment-Northern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-6-NFS-Disturbance-Carbon-Assessment-Rocky-Mountain-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-7-NFS-Disturbance-Carbon-Assessment-Intermountain-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-8-NFS-Disturbance-Carbon-Assessment-Pacific-Northwest-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-9-NFS-Disturbance-Carbon-Assessment-Southwestern-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-10-NFS-Disturbance-Carbon-Assessment-Pacific-Southwest-Region.pdf
https://www.fs.fed.us/sites/default/files/Appendix-11-NFS-Disturbance-Carbon-Assessment-Alaska-Region.pdf
https://www.fs.fed.us/managing-land/sc/carbon
https://www.fs.fed.us/climatechange/documents/NorthernRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/RockyMountainRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/SouthwesternRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/IntermountainRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/PacificSouthwestRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/PacificNorthwestRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/SouthernRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/EasternRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/AlaskaRegionCarbonAssessment.pdf
https://www.fs.fed.us/climatechange/documents/RegionalBaselineRationales.pdf
https://www.fs.fed.us/climatechange/advisor/scorecard/scorecard-guidance-08-2011.pdf
https://www.fs.fed.us/climatechange/advisor/scorecard/scorecard-guidance-08-2011.pdf
https://www.federalregister.gov/documents/2016/04/27/2016-09750/ecosystem-restoration-policy
https://www.federalregister.gov/documents/2016/04/27/2016-09750/ecosystem-restoration-policy
https://www.fs.fed.us/climatechange/documents/RegionalBaselineRationales.pdf 
https://www.fs.fed.us/climatechange/pdf/Roadmapfinal.pdf
https://www.fs.fed.us/climatechange/pdf/Roadmapfinal.pdf
https://www.fs.usda.gov/rds/archive/catalog/RMRS-GTR-402-s1
https://www.fs.fed.us/climatechange/advisor/scorecard/appendix/F%201-21-2011.pdf

https://www.fs.fed.us/climatechange/advisor/scorecard/appendix/F%201-21-2011.pdf

https://www.fs.usda.gov/planningrule
https://www.fs.fed.us/land/staff/Documents/Weeks%20Law.pdf
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Greenhouse Gas Emissions and Removals from Forest Land, 
Woodlands, and Urban Trees in the United States, 1990-2018
Introduction
As a signatory to the United Nations Framework Convention on Climate Change (UNFCCC), the United States has 
been reporting an economy-wide Inventory of greenhouse gas (GHG) emissions and removals since the mid-1990s (US 
EPA 2020). Forest land, harvested wood products (HWPs), and urban trees within the land sector collectively represent 
the largest net carbon (C) sink in the United States, offsetting more than 11 percent of total GHG emissions annually 
(US EPA 2020). Estimates of GHG emissions and removals are compiled by U.S. Department of Agriculture (USDA) 
Forest Service researchers and are based primarily on National Forest Inventory (NFI) data collected and maintained by 
the Forest Inventory and Analysis (FIA) program within the USDA Forest Service. This report—the second in a new 
series of annual updates—provides an overview of the status and trends of GHG emissions and removals from forest 
land, woodlands in the grassland category, HWPs, and urban trees in settlements in the United States from 1990 to 
2018. The estimates for the United States summarized here are based on the compilation reported in the Land Use, 
Land-Use Change, and Forestry chapter of the US EPA (2020) submission to the UNFCCC. New in this report, most of 
the national scale estimates are also reported by individual U.S. state (Fig. 1) and are available online for the entire 
1990-2018 time series (see appendix).

Figure 1.—Estimated annual emissions and removals from forest land remaining forest land by carbon pool for 
each of the conterminous 48 states in 2018 (MMT CO2 Eq.). Note that points and confidence intervals (95 
percent) reflect net flux for all carbon pools in each state. Negative estimates indicate net C uptake (i.e., a net 
removal of C from the atmosphere). 

1
Forest Service | 2020

United States Department of Agriculture

RESOURCE UPDATE FS-227

https://doi.org/10.2737/FS-RU-227


RESOURCE UPDATE FS-227

Forest Carbon Cycle
Carbon is continuously cycled among ecosystem pools 
and the atmosphere as a result of biogeochemical 
processes in forests (e.g., photosynthesis, respiration, 
decomposition, and disturbances such as fires or pest 
outbreaks) and anthropogenic activities (e.g., 
harvesting, thinning, and replanting). As trees 
photosynthesize and grow, C is removed from the 
atmosphere and stored in living tree biomass. As trees 
die and otherwise deposit litter and debris on the 
forest floor, C is released to the atmosphere and is also 
transferred to the litter, dead wood, and soil pools by 
organisms that facilitate decomposition. 
The net change in forest C is not equivalent to the net 
flux between forests and the atmosphere because 
timber harvests do not result in an immediate flux of 
all harvested biomass C to the atmosphere. Instead, 
following harvesting a portion of the C stored in wood 
is transferred to a "product pool." Once in a product 
pool, the C is emitted over time as carbon dioxide 
(CO2) from decomposition and as CO2, methane 
(CH4), nitrous oxide (N2O), carbon monoxide (CO), 
and other nitrogen oxides (NOx) when the wood 
product combusts. The rate of emission varies 
considerably among different product pools. 

Total Emissions and Removals
Forest land, HWPs, woodlands, and urban trees in settlements collectively represent a net GHG sink over the UNFCCC 
reporting period, with interannual variability driven, in large part, by natural and anthropogenic disturbances (e.g., 
wildfire, harvesting), land conversions, and changes in HWPs in use (Table 1.; US EPA 2020).  In 2018, forest land, 
HWPs, woodlands, and urban trees in settlements collectively represented an estimated net uptake of 752.9 million 
metric tons of carbon dioxide equivalent (MMT CO2 Eq.). The category “forest land remaining forest land” was the 
largest net sink in the land sector, with an estimated uptake of 564.5 MMT CO2 Eq. Conversions from forest land were 
the largest source of emissions within the categories included in this report, with estimated emissions of 127.4 MMT 
CO2 Eq. (Table 1; US EPA 2020). 

For estimating C stocks or stock change (flux), C in 
forest ecosystems can be divided into the following 
five storage pools (IPCC 2006):
 Aboveground biomass—all living biomass

above the soil including stem, stump,
branches, bark, seeds, and foliage. This pool
includes live understory.

 Belowground biomass—all living biomass of
coarse living roots greater than 2 millimeters
(mm) diameter.

 Dead wood—all nonliving woody biomass
either standing, lying on the ground (but not
including litter), or in the soil.

 Litter—the litter, fumic, and humic layers,
and all nonliving biomass with a diameter
less than 7.5 centimeters (cm) at transect
intersection, lying on the ground.

 Soil organic C (SOC)—all organic material
in soil to a depth of 1 meter but excluding the
coarse roots of the belowground pools.

In addition, two harvested wood pools are included 
when estimating C flux:
 Harvested wood products (HWP) in use.
 HWP in solid waste disposal sites (SWDS).

Table 1.—Emissions and removals (net flux) from land use, land-use change, and forestry (MMT CO2 Eq.)

2 

Emissions and Removals Categorya 1990 1995 2000 2005 2010 2016 2017 2018
Forest land remaining forest landb (610.1) (598.7) (572.1) (572.6) (556.2) (565.5) (552.0) (564.5)
Non-CO2 emissions from fire 1.5 0.6 2.9 8.2 4.6 5.6 18.8 18.8 
N2O emissions from forest soils 0.1 0.3 0.5 0.5 0.5 0.5 0.5 0.5 
Non-CO2 emissions from drained organic soils 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Forest land converted to non-forest landb 119.1 120.8 122.5 124.4 126.0 127.4 127.4 127.4 
Non-forest land converted to forest landb (109.4) (109.7) (109.9) (110.2) (110.4) (110.6) (110.6) (110.6)
Harvested wood products (123.8) (112.2) (93.4) (106.0) (69.1) (92.4) (95.7) (98.8)
Woodlands remaining woodlandsc 5.0 4.9 4.8 4.6 4.4 4.1 4.0 4.0 
Urban trees in settlementsd (96.4) (103.3) (110.4) (117.4) (124.6) (129.8) (129.8) (129.8)
Total Emissions and Removals (813.9) (797.2) (755.0) (768.4) (724.7) (760.6) (737.3) (752.9)

a For details on how estimates were compiled see US EPA 2020.
b Estimated emissions and removals include the net changes to C stocks stored in all ecosystem pools.
c Estimates for woodlands, which are included in the grassland land use category, were compiled using the same methods and models as those in the forest land category.
d Estimates of emissions and removals from urban trees in settlements were compiled using percentage tree cover in carbon sequestration density per unit of tree cover.
Notes: Totals may not sum due to independent rounding. Parentheses indicate net C uptake (i.e., a net removal of C from the atmosphere). 

Carbon Pools
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Forest Land Remaining Forest Land and Harvested Wood Products
Within the “forest land remaining forest land” category, aboveground live biomass is the largest contributor to the net 
uptake over the reporting period, followed by belowground live biomass and dead wood (Table 2). Harvested wood 
products in use and in solid waste disposal sites (SWDS) are also an important contributor to the net sink in the land sector, 
and 2018 estimates for both pools increased from previous years. 

Table 2.—Emissions and removals (net flux) from forest land remaining forest land and harvested wood pools
(MMT CO2 Eq.)

3 

Carbon Poola 1990 1995 2000 2005 2010 2016 2017 2018

Forest ecosystem (610.1) (598.7) (572.1) (572.6) (556.2) (565.5) (552.0) (564.5)

Aboveground biomass (425.1) (416.1) (392.7) (391.3) (391.3) (397.0) (381.2) (385.2)

Belowground biomass (98.6) (96.6) (91.5) (90.8) (90.3) (91.1) (87.6) (88.6)
Dead wood (81.9) (82.8) (82.7) (84.1) (83.4) (87.6) (83.1) (86.4)
Litter (5.0) (3.5) (4.5) (5.2) (1.4) (0.9) (3.5) (3.1)
Soil (mineral) 0.3 (0.1) (1.0) (1.8) 4.6 8.2 1.4 (3.3)
Soil (organic) (0.6) (0.5) (0.3) (0.1) 4.9 2.3 1.4 1.4 
Drained organic soil 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Harvested wood (123.8) (112.2) (93.4) (106.0) (69.1) (92.4) (95.7) (98.8)
Products in use (54.8) (51.7) (31.9) (42.6) (7.4) (27.8) (30.3) (31.5)
SWDS (69.0) (60.5) (61.5) (63.4) (61.7) (64.6) (65.5) (67.2)
Total Net Flux (733.9) (710.9) (665.5) (678.6) (625.3) (657.9) (647.7) (663.2)

Carbon Poola

a For details on these estimates and how they were compiled see US EPA 2020.  
Notes: Totals may not sum due to independent rounding. Parentheses indicate net C uptake (i.e., a net removal of C from the atmosphere).

1990 1995 2000 2005 2010 2017 2018 2019
Forest 51,527 52,358 53,161 53,886 54,663 55,746 55,897 56,051 
Aboveground biomass 11,833 12,408 12,962 13,484 14,020 14,780 14,884 14,989 
Belowground biomass 2,350 2,483 2,612 2,734 2,858 3,033 3,056 3,081 
Dead wood 2,120 2,233 2,346 2,454 2,568 2,731 2,753 2,777 
Litter 3,662 3,670 3,676 3,647 3,646 3,639 3,640 3,641 
Soil (mineral) 25,636 25,636 25,637 25,639 25,641 25,637 25,637 25,638 
Soil (organic) 5,927 5,928 5,928 5,929 5,929 5,926 5,926 5,926 
Harvested wood 1,895 2,061 2,218 2,353 2,462 2,616 2,642 2,669 
Products in use 1,249 1,326 1,395 1,447 1,471 1,505 1,513 1,521 
SWDS 646 735 823 906 991 1,112 1,129 1,148 
Total stocks 53,423 54,419 55,380 56,239 57,124 58,362 58,539 58,720 

Table 3.—Carbon stocks in forest land remaining forest land and harvested wood pools (MMT C)

a For details on these estimates and how they were compiled see US EPA 2020.  
Notes: Totals may not sum due to independent rounding. Forest C stock estimates include all forest land remaining forest land in the conterminous 48 states and Alaska. 
Forest ecosystem C stocks do not include U.S. Territories because managed forest land for U.S. Territories is not currently included in Section 6.1 Representation of the 
U.S. Land Base. Forest ecosystem C stocks also do not include Hawaii because there is not sufficient NFI data to support inclusion at this time. Forest ecosystem C 
stocks on managed forest land in Alaska were compiled using the gain-loss method as described in Annex 3.13. Harvested wood product stocks include exports, even if 
the logs are processed in other countries, and excludes imports. Harvested wood estimates are based on results from annual surveys and models. Totals may not sum due 
to independent rounding. Population estimates compiled using FIA data are assumed to represent stocks as of January 1 of the inventory year. Flux is the net annual 
change in stock. Thus, flux estimates for 2018 require C stocks for 2018 and 2019.

Carbon stock estimates for forest ecosystem and harvested wood C storage pools are presented in Table 3. Together, the 
estimated aboveground biomass and soil C pools account for a large proportion of total forest ecosystem C stocks. By 
maintaining current harvesting practices and regeneration activities on these forested lands, along with continued input of 
harvested products into the HWP pool, C stocks in forests are likely to continue to increase in the near term, though 
possibly at a lower rate. Because most of the timber harvested from U.S. forest land is used in wood products and many 
discarded wood products are disposed of in SWDS rather than by incineration, significant quantities of C in harvested 
wood are transferred to these long-term storage pools rather than being released rapidly to the atmosphere (Skog 2008).



RESOURCE UPDATE FS-227

Forest Land Conversions
Land use conversions to and from forest land result in substantial emissions and removals each year. In this section all 
emissions and removals included for land conversions to and from forest land, as reported in US EPA (2020), are 
included in Table 4. Forest land conversion to settlements was the largest source of emissions in the conversion 
categories while cropland conversion to forest land resulted in the largest annual uptake. Considering all forest land 
conversions included in the US EPA (2020) report, over the reporting period there have been net emissions each year, 
with estimated net emissions of 16.7 MMT CO2 Eq. for the most recent year.

4

Table 4.—Emissions and removals (net flux) from conversions to and from forest land (MMT CO2 Eq.)

a For details on these estimates and how they were compiled see US EPA 2020.  
Notes: Totals may not sum due to independent rounding. Parentheses indicate net C uptake (i.e., a net removal of C from the atmosphere). Emissions and removals from 
forest land converted to other lands are currently not included in US EPA (2020). Forest land converted to wetlands estimates were not compiled by the Forest Service.

Land Conversionsa 1990 1995 2000 2005 2010 2016 2017 2018
Forest land converted to cropland 48.6 48.7 48.5 48.4 48.3 48.7 48.7 48.7 
Forest land converted to grassland  15.9 15.8 16.0 16.0 16.0 15.9 15.9 15.9 
Forest land converted to settlements 54.6 56.3 58.0 59.9 61.6 62.9 62.9 62.9 
Cropland converted to forest land (45.9) (45.9) (46.0) (46.1) (46.2) (46.3) (46.3) (46.3)
Grassland converted to forest land (9.8) (9.7) (9.7) (9.6) (9.6) (9.7) (9.7) (9.7)
Other land converted to forest land (14.3) (14.5) (14.6) (14.8) (14.9) (14.9) (14.9) (14.9)
Settlements converted to forest land (38.6) (38.6) (38.7) (38.7) (38.8) (38.9) (38.9) (38.9)
Wetlands converted to forest land (0.9) (0.9) (0.9) (0.9) (0.9) (0.9) (0.9) (0.9)
Net Emissions and Removals 9.6 11.2 12.6 14.3 15.6 16.7 16.7 16.7 

Land Area
The land area included in the US EPA (2020) report includes lands directly influenced by human intervention. Direct 
intervention occurs mostly in areas accessible to human activity and includes altering or maintaining the condition of the 
land to produce commercial or noncommercial products or services; to serve as transportation corridors or locations for 
buildings, landfills, or other developed areas for commercial or noncommercial purposes; to extract resources or facilitate 
acquisition of resources; or to provide social functions for personal, community, or societal objectives where these areas 
are readily accessible to society. Forest Inventory and Analysis data from each of the conterminous 48 states and Alaska 
comprise an estimated 280 million hectares (ha) of forest land that are considered managed and are included in this report 
along with an additional 10 million ha of non-forest land converted to forest land. Some differences exist in forest land 
area estimates in the latest update to the Resources Planning Act Assessment (Oswalt et al. 2019) and the forest land area 
estimates included in the US EPA (2020) report, which are based on annual FIA data through 2018 for all states (USDA 
Forest Service 2019). These differences are due, in large part, to the separation of land categories and the managed land 
definition used in the US EPA (2020) report (Nelson et al. 2020). Sufficient annual inventory data are not yet available 
for Hawaii, but estimates of these areas are included in Oswalt et al. (2019). Even though Hawaii and U.S. Territories 
have relatively small areas of forest land that may not substantially influence the overall C budget for forest land, these 
regions will be added to the forest C estimates as sufficient data become available. Agroforestry systems that meet the 
definition of forest land are also not currently included in the US EPA (2020) report since they are not explicitly 
inventoried (i.e., they are classified as agroforestry system) by either the FIA program or the Natural Resources Inventory 
of the USDA Natural Resources Conservation Service. Woodland area is included in the “grassland remaining 
grassland” and “land converted to grassland” categories and is not explicitly separated in the US EPA (2020) report as a 
subcategory of grasslands. Combined, forest land and woodland area accounts for more than 311 million ha (Table 5).
Table 5.—Annual estimates of forest land and woodland area (1000 ha)

Land Area Categorya 1990 1995 2000 2005 2010 2018 2019
Forest land remaining forest land 279,748 279,840 280,025 279,749 279,918 279,787 279,682 
Non-forest land converted to forest land 9,622 9,654 9,689 9,725 9,761 9,796 9,796 
Woodland remaining woodlandb 19,891 19,669 19,255 18,630 17,733 16,000 15,776 
Non-woodland converted to woodlandb 5,782 5,702 5,552 5,322 4,994 4,607 4,607 
Total Area 315,043 314,865 314,521 313,426 312,405 312,209 311,880 
a For details on these estimates and how they were compiled see US EPA 2020.  
bWoodland area is included in the “remaining grassland” and “land converted to grassland” categories and is not explicitly separated in the US EPA (2020) report. 
Notes: Totals may not sum due to independent rounding. The estimates reported here may differ from the Land Representation section of US EPA (2020) but are 
consistent with estimates used to compile emissions and removals in these categories. See Annex 3.13 in US EPA (2020) for more details.
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Planned Improvements
Planned improvements to estimation and reporting include 
the following general topics: development of a more robust 
estimation and reporting system, individual C pool 
estimation, coordination with other land-use categories, 
and annual inventory data incorporation. Research is 
underway to leverage auxiliary information (i.e., remotely 
sensed information) to operate at finer spatial and temporal 
scales. As in past submissions, emissions and removals 
associated with natural (e.g., wildfire, insects, and disease) 
and human (e.g., harvesting) disturbances are implicitly 
included in the report given the design of the annual NFI, 
but are not explicitly estimated. In addition to integrating 
auxiliary information into the estimation framework, 
alternative estimators are also being evaluated that will 
eliminate latency in population estimates from the NFI, 
improve annual estimation and characterization of 
interannual variability, facilitate attribution of fluxes to 
particular activities, and allow for easier harmonization of 
NFI data with auxiliary data products. There are also 
investments being made to leverage state-level wood 
products and harvest information to allow for the 
disaggregation of HWPs estimates at the state level. 
Collectively these improvements are expected to reduce 
uncertainties in the estimates at the national and state 
scales and facilitate entity-level estimation and reporting. 

5

Literature Cited
Intergovernmental Panel on Climate Change [IPCC]. 2006 IPCC guidelines for national greenhouse gas inventories. Hayma, Japan: Institute for Global 
Environmental Strategies. https://www.ipcc-nggip.iges.or.jp/public/2006gl/ (accessed 9 April 2020).

Nelson, M.D.; Riitters, K.H.; Coulston, J.W.; Domke, G.M.; Greenfield, E.J.; Langner, L.L.; Nowak, D.J.; O'Dea, C.B.; Oswalt, S.N.; Reeves, M.C.; Wear, 
D.N. 2020. Defining the United States land base: a technical document supporting the USDA Forest Service 2020 RPA assessment. Gen. Tech. Rep. NRS-
191. Madison, WI: U.S. Department of Agriculture, Forest Service, Northern Research Station. 70 p. https://doi.org/10.2737/NRS-GTR-191.

Oswalt, S.N.; Smith, W. B.; Miles, P.D.; Pugh, S.A., coords. 2019. Forest resources of the United States, 2017: a technical document supporting the Forest 
Service 2020 RPA Assessment. Gen. Tech. Rep. WO-97. Washington, DC: U.S. Department of Agriculture, Forest Service. 223 p. 
https://doi.org/10.2737/WO-GTR-97.

Skog, K.E. 2008. Sequestration of carbon in harvested wood products for the United States. Forest Products Journal. 58(6): 56-72.

USDA Forest Service. 2020. Forest inventory and analysis national program: FIA data mart. Washington, DC: U.S. Department of Agriculture, Forest 
Service. https://apps.fs.usda.gov/fia/datamart/datamart.html (accessed 1 November 2020).

U.S. Environmental Protection Agency [US EPA]. 2020. Inventory of U.S. greenhouse gas emissions and sinks: 1990-2018. EPA 430-R-20-002. 
Washington, DC: U.S. Environmental Protection Agency. https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2018
(accessed 14 April 2020).

Below are summary statistics from the compilation 
of the forest land, woodlands, HWPs, and urban trees 
in settlements in the US EPA (2020) report.

 Forest land, HWPs, and urban trees in settlements
collectively offset more than 11 percent (752.9
MMT CO2 Eq.) of total GHG emissions annually,
or 14 percent of CO2 emissions.

 Forest land accounts for more than 95 percent of
the net C sink within the land sector.

 Live vegetation in forests and urban trees account
for nearly 80 percent of the C sink strength.

 Land conversions to and from forest land
continue to result in net emissions (16.7 MMT
CO2 Eq.).

 More than 56 percent of all carbon in forest
ecosystems is stored in the soil with small stock
changes annually.

 Carbon storage in HWPs continues to increase
annually since the Great Recession.

 Forests uptake averages 0.6 metric tons of C per
hectare per year (MT C ha-1 yr-1) with live
vegetation accounting for more than 85 percent
(0.5 MT C ha-1 yr-1) of the uptake.
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Abstract. The US housing construction market consumes vast amounts of resources, with most structural el-
ements derived from wood, a renewable and sustainable resource. The same cannot be said for all nonresidential 
or high-rise buildings, which are primarily made of concrete and steel. As part of continuous environmental im-
provement processes, building life-cycle assessment (LCA) is a useful tool to compare the environmental footprint of 
building structures. This study is a comparative LCA of an 8360-m2, 12-story mixed-use apartment/office building 
designed for Portland, OR, and constructed from mainly mass timber. The designed mass timber building had a 
relatively lightweight structural frame that used 1782 m3 of cross-laminated timber (CLT) and 557 m3 of glue-
laminated timber (glulam) and associated materials, which replaced approximately 58% of concrete and 72% of rebar 
that would have been used in a conventional building. Compared with a similar concrete building, the mass timber 
building had 18%, 1%, and 47% reduction in the impact categories of global warming, ozone depletion, and 
eutrophication, respectively, for the A1-A5 building LCA. The use of CLT and glulam materials substantially 
decreased the carbon footprint of the building, although it consumed more primary energy compared with a similar 
concrete building. The impacts for the mass timber building were affected by large amounts of gypsum board, which 
accounted for 16% of total building mass. Both lowering the amount of gypsum and keeping the mass timber 
production close to the construction site could lower the overall environmental footprint of the mass timber building. 

Keywords: Cross-laminated timber, environmental assessment, life-cycle analysis, tall wood building. 

INTRODUCTION 

The building industry is a heavy user of resources 
and is responsible for more than 30% of total global 
energy consumption and for about 40% of global 
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carbon dioxide emissions (Jones et al 2016; Berardi 
2017). Developing energy-efficient and low-impact 
buildings has become increasingly important. The 
use of wood as a building material can provide 
substantial economic and environmental benefits 
(Ritter et al 2011). Mass timber products, including 
cross-laminated timber (CLT), glue-laminated tim-
ber (glulam), and nail-laminated timber, have been 
demonstrated to be green building materials with a 
lower carbon footprint than their concrete and steel 
alternatives (Perez-Garcia et al 2005; Karacabeyli 
and Douglas 2013; Bowers at al. 2017; Gu and 
Bergman 2018). Also, CLT and other mass timber 
products offer additional advantages such as faster 
erection times, easier material handling, a high level 
of prefabrication at the material manufacturing site, 
and less waste generation and noise pollution during 
the construction stage (Kremer and Symmons 2015; 
Connolly et al 2018; Smith et al 2018). In particular, 
the construction phase of a mass timber building can 
result in substantial savings with quicker erection 
times, more than 50% faster than other alternative 
materials (APA 2019). 

CLT is a massive structural composite panel fab-
ricated with kiln-dried dimensional lumber stacked 
in three to nine layers arranged perpendicular to 
each other (APA 2012). The production of similar 
perpendicular engineered wood products dates back 
to the early 20th century in the United States 
(Walch and Watts 1923). The use of CLT in mid- to 
high-rise buildings began to appear several decades 
ago in European countries (FII 2016; Espinoza 
and Buehlmann 2018). More recently, CLT and 
other mass timber technologies have captured the 
interest of designers, developers, property owners, 
industry, and governments in North America 
(Podesto and Berneman 2016; Williamson and 
Ross 2016). The revised 2021 International 
Building Code includes provisions for new con-
struction Type IV-A/B/C for up to 18 stories for 
business and residential buildings using mass 
timber (Breneman and Richardson 2019). Using 
mass timber in building systems could be a boost to 
the wood industry sector, but to gain the support of 
green building advocates, rigorous scientific anal-
ysis on the environmental impacts is required. The 
whole-building life-cycle assessment (LCA) is a 

method to analyze building environmental impacts 
based on ASTM E2921 (ASTM 2016) and EN 
15978 (EN 2011) standards. However, only few 
LCA studies on CLT and other mass timber 
buildings are publicly available (Cadorel and 
Crawford 2018). These studies all agree that mass 
timber buildings have better environmental perfor-
mance such as lower greenhouse gas (GHG) 
emissions compared with alternative concrete 
buildings, although different study periods or sys-
tem boundaries were applied (Robertson et al 2012; 
Durlinger et al 2013; Grann 2013; Bowick 2015, 
2018). LCA case studies for mass timber buildings 
in the United States are very limited (Gu and 
Bergman 2018; Pierobon et al 2019) because few 
buildings have gone beyond the concept stage. 
More importantly, there are very few studies that 
directly compare the LCA implications for mass 
timber and concrete steel buildings, with similar 
size, function, and operational energy perfor-
mance. It is critical to conduct more studies to 
assess the environmental impacts of mass timber 
buildings and to further analyze the impacts on 
local communities, forest health, and the regional 
economy. 

This study conducted a building LCA for a 12-story 
mixed-use tall wood building in Portland, OR, that 
comprises CLT and glulam as the main structural 
building materials. The LCA of this mass timber 
building was compared with a functionally equiva-
lent concrete building system, with no wood struc-
tural elements. The environmental impacts of the two 
buildings were categorized using the Tool for the 
Reduction and Assessment of Chemical and other 
environmental Impacts (TRACI) 2.1 impact method 
(Bare et al 2012), and a detailed contribution analysis 
and carbon accounting metrics were performed. This 
research is part of a more comprehensive project 
investigating the CLT supply chain along with po-
tential economic contributions and environmental 
implications of increased CLT and other mass timber 
building construction (Kelley and Bergman 2017). 
Results generated from this study will provide solid, 
transparent evidence on the environmental perfor-
mance metrics for CLT and other mass timber 
buildings that can inform the public, building de-
velopers and owners, and policy makers. 
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MATERIALS AND METHODS 

Goal and Scope 

The goal of this study was to quantify the environ-
mental impacts of a tall wood building built primarily 
with CLT and glulam structural elements and compare 
those impacts with a functionally equivalent building 
with traditional concrete materials. The target building 
for this cradle-to-site LCA study is an 8360-m2, 12-
story, mixed-use office and apartment complex. The 
building was designed to be built in Portland, OR, and 
to have the same fire-proofing performance, insulation, 
and energy consumption outcomes as a functionally 
equivalent concrete building design. Both building 
designs were completed by LEVER Architecture 
(Portland, OR) with additional structural design and 
analysis from their partner, KPFF Engineering 
(Seattle, WA). Both buildings comply with Type 1B 
fire-resistant construction code with noncombustible 
capacities of 2-h exterior walls, 2-h structural frame, 
2-h ceiling/floor separation, and 1-h ceiling/roof 
assembly (Heppner 2019). The building structure 
components to compare include ceiling–roof, 
floors, foundation, postbeams, and walls. 

Functional Unit and System Boundary 

The functional unit for this study is defined as 1 m2 of 
floor area of the whole building. The system 

boundary of this building LCA is defined as cradle-
to-site, as illustrated in Fig 1, and includes the 
modules A1-A3 Product Stage and modules A4 and 
A5 Construction Process Stage. More specifically, in 
this study, module A1 Raw materials supply covers 
raw material acquisition (eg from tree seeding to log 
harvest, or cement and aggregate mining and pro-
duction); module A2 Transport covers the trans-
portation of raw materials to the manufacture plant 
(eg truck loading logs and transporting to primary and 
secondary wood products manufacturers, or trans-
portation of cement and aggregate and rebar); module 
A3 Manufacturing covers the gate-to-gate production 
of secondary products (eg mass timber products 
processing and packaging at the plant, or formulated 
concrete); module A4 Transport covers the trans-
portation of materials and products from the factory 
gate to the building site (eg trucking all construction 
materials to the building site), whereas the trans-
portation of construction equipment to and from the 
site was excluded; and module A5 Construction 
installation process only covers the energy 
consumption to install building materials into the 
building (eg diesel usage by crane to lift CLT and 
pour/pump concrete), whereas ground works, 
labor assembly, land use, and other things were 
excluded. 

Figure 1. Cradle-to-site life-cycle assessment system boundary for the mass timber and concrete buildings. 
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Life-Cycle Inventory (LCI) and Impact 
Assessment 
The LCI phase in this study measures the materials 
use (modules A1-A3), transportation (module A4), 
and direct energy (module A5) inputs for the 
construction process of the proposed CLT and 

concrete buildings. Table 1 summarizes the 
quantities of building materials used for the two 
buildings, which were designed with the same 
U-value. These quantities were provided by the 
building designer (LEVER Architecture). The 
building materials transport distances to the 

Table 1. Quantities of materials and life-cycle inventory data sources for mass timber and concrete buildings. 

Building section/material Unit Mass timber building Concrete building Database/source 

Ceiling and roof 
Hollow structural steel kg 11,449 7415 AIE 
CLT 3m 0.95 Chen et al 2019 
1-inch mineral wool 2m 285 285 DataSmart 
Acrylic latex paint L 3096 1548 DataSmart 
1-inch polystyrene board 2m 144 144 DataSmart 
Steel sheet kg 5693 5693 DataSmart 
5/8-inch gypsum board, fire-resistant 2m 14,907 5945 AIE 
1/2-inch gypsum board, regular 2m 4154 3337 AIE 

Floors 
Acrylic adhesive L 117 117 
CLT 3m 1279 Chen et al 2019 
Coated steel deck kg 110 110 AIE 
Hollow structural steel kg 400 400 AIE 
Concrete 3m 932 1878 DataSmart 
Mortar kg 4737 4737 DataSmart 
3/8-inch plywood 2m 661 661 DataSmart/USLCI 
1-inch polystyrene board 2m 4067 4067 DataSmart 
Rebar kg 53,177 170,348 DataSmart 
Steel sheet kg 4193 875 DataSmart 
Steel welded wire mesh kg 110 110 AIE 
60-mil TPO membrane 2m 351 351 AIE 

Foundation 
Concrete 3m 125 149 DataSmart 
Rebar kg 38,590 57,884 DataSmart 
Post and beam 
Hollow structural steel kg 43,527 39,230 AIE 
Composite wood I-joist kg 60 60 DataSmart/USLCI 
Concrete 3m 162 DataSmart 
Glulam 3m 557 DataSmart/USLCI 
Rebar kg 22,089 DataSmart 
Steel sheet kg 830 823 DataSmart 

Walls 
Aluminum extrusion kg 31,039 31,051 DataSmart 
CLT 3m 502 Chen et al 2019 
Hollow structural steel kg 31,947 30,026 AIE 
Concrete 3m 48 438 DataSmart 
Concrete masonry unit kg 71,031 70,908 DataSmart 
3/8-inch plywood 2m 3230 3230 DataSmart/USLCI 
Mortar kg 90,113 89,824 DataSmart 
Acrylic latex paint L 9100 5143 DataSmart 
1-inch polystyrene board 2m 7643 7644 DataSmart 
Silicone sealant L 503 503 DataSmart 
Rebar kg 12,078 125,951 DataSmart 
5/8-inch gypsum board, fire-resistant 2m 57,330 47,097 AIE 
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construction site were provided by LEVER Ar-
chitecture (Heppner 2019). It is noteworthy that 
concrete used a transportation distance of 24 km, 
and the CLT and glulam were sourced with a 
transportation distance of 320 km. Direct energy 
inputs for the construction installation were 
estimated as diesel usage using an empirical 
equation provided by Athena Sustainable Ma-
terials Institute (Finlayson 2019). The LCI of the 
CLT production process model was provided by 
the University of Washington (Chen et al 2019). 
Other building materials, transportation, and 
energy LCI data were sourced from the USLCI 
and US Ecoinvent 2.2 (DATASMART 2019) 
and Athena Impact Estimator (AIE) databases 
and from the Pacific Northwest forest resources, 
as listed in Table 1. 

The life-cycle impact assessment (LCIA) inte-
grates the LCI data of each building stage 
(modules A1-A5) to quantify the total life-cycle 
environmental impacts, following the ISO 14040 
(ISO 2006a) and ISO 14044 (ISO 2006b) envi-
ronmental management standards. The total en-
vironmental impacts were modeled using data 
sources in SimaPro 8.5 software (PRé Sustain-
ability, Amersfoort, the Netherlands) and AIE for 
Building 5.6 software (Athena Sustainable Ma-
terials Institute, Ottawa, Canada), and the TRACI 
2.1 impact method (Bare et al 2012) was used in 
SimaPro and AIE. The primary energy consump-
tion, categorized as nonrenewable (fossil and nu-
clear) and renewable (biomass, solar, wind, and 
hydropower), was calculated using the embedded 
cumulative energy demand (CED) method v1.10 in 
SimaPro and AIE. The impact indicators calculated 
for each building material from the two software 
were extracted into Microsoft Excel spreadsheets 
and then integrated for further analysis. 

Sensitivity Analysis 

Although the United States has significant lumber 
manufacturing capacity, there is limited CLT 
manufacturing capacity. However, with increasing 
interest in this emerging product, new capacity is 
developing across the United States. Thus, CLT 
transportation distances to the construction site 

were varied in determining the portion of this 
specific variable on the whole-building environ-
mental impact. The current distance was 320 km, 
which assumes transport from a nearby local fa-
cility. Sensitivity analyses included middle dis-
tance by truck (768 km) from Inland Northwest 
(INW), long distance by truck (465 km) and rail 
(4189 km) from eastern United States; and oversea 
distance by sea (21,333 km) from Europe, rail 
(1103 km), and truck (335 km). 

RESULTS AND DISCUSSION 

Comparison of Building Materials 

The quantities of building materials of each 
building section (ceilings-roof, floor, foundation, 
postbeam, and wall) for the mass timber and 
concrete buildings are shown in Table 1. Gen-
erally, the mass timber building uses a total of 
2376 m3 of wood products with 98% CLT and 
glulam. In this study, mass timber usage is about 
0.28 m3 per m2 of floor area. Other CLT and mass 
timber building designs have used between 0.1 
and 0.45 m3 per m2 of floor area (Gustavsson et al 
2010; Oregon BEST 2017; Gu and Bergman 
2018). Speci cally, the walls use 502 m3 

fi of 7-
and 9-ply CLT, the floors use 1279 m3 of 5-ply 
CLT, and the postbeams use 557 m3 of glulam for 
columns and beams. In addition, the mass timber 
building also uses a significant amount of con-
crete and steel, eg 1104 m3 concrete and 
103,845 kg rebar. The concrete and steel are used 
on the foundation and also to stiffen the CLT floor 
elements. The concrete building uses no mass 
timber but uses 2627 m3 of concrete and 376,272 kg 
of rebar. In addition, to comply with Type 1B fire-
resistant construction code, approximately 36% 
more gypsum board is applied to the mass timber 
building than the concrete building. 

As shown in Fig 2, the total mass of the mass 
timber building is about 68% of the functionally 
equivalent concrete building. It is important to 
keep in mind that the density of concrete 
(2400 kg/m3) is much higher than the density of 
the two mass timber products and wood building 
products in general (550 kg/m3). The total mass 
of the concrete building is 7.5 million kg for all 
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Figure 2. Total mass for the mass timber and concrete buildings. 

five structural sections, whereas the total mass of 
the mass timber building is only 5.1 million kg. In 
the mass timber building, except for the ceilings-
roof which uses more gypsum board and attached 
materials for fire resistance purposes, the mass of 
other building sections is about 64%, 81%, 76%, 
and 66% of the concrete building for floors, 
foundation, postbeams, and walls, respectively. 
Light-weight mass timber buildings tend to have 
lower carbon footprints and lower costs than 
heavier concrete buildings (Connolly et al 2018). 

Environmental Impact Analysis 

The comparative cradle-to-site whole-building 
LCIA results for 1-m2 

floor area of the mass 
timber and concrete buildings are shown in 

Table 2. Global warming contribution of the mass 
timber building was found to be 18% lower 
(193 kg CO2-eq/m

2) than that of the concrete 
building (237 kg CO2-eq/m

2). The mass timber 
building performs better in eutrophication than 
the concrete building (47% lower), whereas the 
concrete building has better performance in the 
impact categories of smog and acidification (3% 
and 16% lower than the mass timber building, 
respectively). In addition, the two buildings are 
essentially the same for ozone depletion (1% 
difference), which is dominated by the use of 
polystyrene insulation boards (XPS). The two 
buildings used about the same amount of XPS. 

Primary energy consumption, also called CED, 
which describes the direct and indirect energy use 
throughout the life cycle of products, is an 

Table 2. Life-cycle impact assessment results for 1-m2 
floor area by building types. 

Impact category Unit Mass timber building Concrete building Percentage difference (%) 

Global warming kg CO2 eq 193 237 18 
Ozone depletion kg CFC-11 eq 1.91E-04 1.93E-04 1 
Smog kg O3 eq 15.74 15.22 3 
Acidification kg SO2 eq 1.03 0.89 16 
Eutrophication kg N eq 0.19 0.36 47 
Total primary energy MJ 2868 2673 7 
Nonrenewable, fossil MJ 2344 2371 1 
Nonrenewable, nuclear MJ 198 242 18 
Renewable MJ 326 61 439 
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important driver of environmental impacts and is 
indicative for many environmental problems 
(Huijbregts et al 2006). As shown in Table 2, the 
mass timber building has 7% higher CED than the 
concrete building, which is mainly caused by the 
relatively higher unit CED of 2629 MJ/m3 for 
CLT than 1540 MJ/m3 for concrete. In the mass 
timber building, the large mass of CLT results in 
CLT having the highest CED (23% of building 
CED), followed by 22% for glulam. In the al-
ternative concrete building, rebar has the greatest 
CED, accounting for 47% of building CED, 
followed by 21% for concrete. In addition, fossil 
fuel accounts for 82-90% of building CED for 
both buildings, and renewable energy accounts 
for 12% and 2% of building CED for the mass 
timber and concrete buildings, respectively. As 
expected, the mass timber building also uses 
substantially higher renewable energy than its 
concrete alternative building. This was mainly 
because of the wood products manufacturer using 
mill residue as an alternative heating source to dry 
the lumber before CLT and glulam production 
(Bowers et al 2017; Chen et al 2019). 

The normalized environmental impacts and en-
ergy demand for the mass timber and concrete 
buildings at different life-cycle phases are illus-
trated in Fig 3. The product phase (modules A1-
A3) is the dominant contributor, accounting for 

88-98% in all impact categories for the two 
buildings. The transport phase (module A4) 
contributes 3-8% to the impact categories of 
global warming, smog, acidification, eutrophi-
cation, total primary energy, and fossil fuel 
consumption for the mass timber building. Be-
cause of the longer transportation distance of 
wood building materials from the manufacturer to 
construction site, eg 320 vs 24 km for materials 
for the concrete building, the transportation im-
pacts are greater in the mass timber case than in 
the all-concrete case. 

The construction installation phase (module A5) 
contributes a small fraction (1-5%) in all impact 
categories except for ozone depletion, although 
the impacts are consistently lower for the less 
dense mass timber materials than for concrete. 
The assessment for this phase, module A5, is based 
on the estimation of diesel consumption used for 
lifting all the building materials (Finlayson 2019). 
When more empirical data on diesel consumption 
by construction equipment and time for mass 
timber building construction are collected, more 
precise LCIA results can be reported for this phase. 

Figure 4 compares the product phase (modules 
A1-A3) environmental impacts from each 
building section for the mass timber and concrete 
buildings. Floor is the largest contributor for both 

Figure 3. Normalized impacts for mass timber (left column) and concrete (right column) buildings at different life-cycle 
phases. 
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Figure 4. Normalized impacts (A1-A3) from different building sections for mass timber (left column) and concrete (right 
column) buildings. 

buildings and accounts for 40-50% in the impact 
categories of global warming, smog, and eutro-
phication, followed by the wall sections at 31-
39%. Specifically, the building materials of CLT 
and concrete/rebar in the mass timber building, as 
well as concrete/rebar in the concrete building, 
dominate the impacts of the floor component (93-
99%). For acidification, wall is the largest con-
tributor, accounting for 39-48% of impacts for the 
two buildings. This is caused by the use of 
gypsum board. Wall and floor together contribute 
98-99% of the ozone depletion for both buildings, 
which is because of the insulation material, eg 
polystyrene boards (XPS). Although XPS ac-
counts for only 0.4% of the total mass quantities 
in wall components in the mass timber building, it 
contributed more than 99% of total ozone de-
pletion impacts. We strongly suggest that an 
alternative product be considered. The ceilings-
roof, foundation, and postbeams together con-
tribute less than 27% to all impact categories for 
the two buildings, although the mass timber 
building contributes a higher fraction than the 
concrete building in these building sections. 
These differences are caused by the greater use of 
gypsum board in the ceilings-roof, rebar in the 
foundation, and glulam in the postbeams. 

MasterFormat is a standard for organizing 
specifications and other written information for 

commercial and institutional building projects in 
the United States and Canada. It provides a 
structured hierarchy for building construction 
requirements and associated activities (Tecchio 
et al 2018). To further analyze the environmental 
impact contribution, the building materials’ LCIs 
were grouped into individual construction divi-
sions based on MasterFormat (CSI 2016), eg 
Division 03: Concrete; Division 04: Masonry; 
Division 05: Metals; Division 06: Wood, Plastics, 
Composites; Division 07: Thermal and Moisture 
Protection; and Division 09: Finishes. Figure 5 
shows the comparison in the product phase 
(modules A1-A3) of the environmental impacts 
from individual construction divisions for the 
mass timber and concrete buildings. The two 
buildings have significant differences in all im-
pact categories except for ozone depletion, which 
was dominated by Division 07 for both buildings, 
eg XPS. Because the insulation packages are 
essentially the same, materials such as XPS, 
aluminum panels, mineral wool, sealants, adhe-
sives, and TPO membranes dominate the impacts. 
The total environmental impact of the concrete 
building is dominated by Division 03, consisting 
of concrete and rebar, which accounts for 72%, 
72%, 61%, and 86% in the impact categories of 
global warming, smog, acidification, and eutro-
phication, respectively. These numbers range 
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Figure 5. Normalized impacts (A1-A3) of different construction divisions for mass timber (left column) and concrete (right 
column) buildings. 

from 17% to 50% for the mass timber building. 
Approximately 58% concrete and 72% rebar 
in Division 03 of the concrete building are 
substituted by 2339 m3 CLT and glulam in Di-
vision 06 for the mass timber building, which 
resulted in Division 06 in the mass timber 
building contributing 28%, 49%, 45%, and 22% 
to the impact categories of global warming, smog, 
acidification, and eutrophication, respectively. 
The two buildings have no significant differences 
in Division 07. In addition, in the mass timber 
building, Division 09 contributes relatively more 
to all impact categories than it does in the con-
crete building, which is largely caused by the use 
of 36% more gypsum board in the mass timber 
building compared with the concrete building. 

Carbon Analysis 

Biogenic carbon refers to CO2 emissions that 
originate from biological sources such as plants, 
trees, and soil (Harris et al 2018). In LCA studies 
of durable wood products, it is assumed that 
harvested timber products will be replaced sus-
tainably by new growth in managed forest land, 
and therefore, the biogenic CO2 emissions are 
considered to be carbon neutral from the climate 
change prospective. The Intergovernmental Panel 
on Climate Change (IPCC 2006) also supports 

the carbon neutral hypothesis, which considers 
the CO2 emissions from biomass as part of the 
natural carbon cycle. The carbon in wood is 
accounted for as stored CO2 during the lifetime of 
the product or building. Such stored carbon is 
estimated by average carbon content of 50% of 
dry mass of wood products. This analysis as-
sumed a service life of 100 yr for the mass timber 
building, which equates to the same time frame 
used for accounting for GHG emissions in this 
study. As shown by this LCI analysis and Fig 6, 
biogenic CO2 emissions from the mass timber 
and concrete buildings were 81 and 3.4 kg/m2 of 
floor area, respectively. These results were 
closely aligned with the consumption of renew-
able energy in the two building types. The 

Figure 6. Comparison of CO2 emissions for mass timber 
and concrete buildings under different carbon accountings. 
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sequestered CO2 values in wood products were 
about 276 and 4.3 kg/m2 of floor area for the mass 
timber and concrete buildings, respectively. As 
previously calculated, the GHG emissions for the 
CLT and concrete buildings were 193 and 237 kg 
CO2 eq/m

2 of floor area, respectively, which is 
about 18% different. More significant differences 
were observed when biogenic carbon and se-
questered carbon were combined, resulting in 
values of CO2 emissions for the mass timber and 
concrete buildings of 2.7 and 236 kg/m2 of floor 
area, respectively. 

Sensitivity Analysis 

Transportation accounts for about 5% of the total 
global warming impact emissions for the mass 
timber building. But given that there is a limited 
production infrastructure for CLT, it is worth 
considering the effects of different production/ 
transportation alternatives on the overall global 
warming impacts of the building. CLT trans-
portation has a global warming impact of 3.4 kg 
CO2 eq/m

2 of floor area when assuming local 
production and transportation (320 km). Thus, 
with limited CLT production in the United States, 
it is important to understand the implication of 
longer transportation distances. Figure 7 shows 

the global warming impacts of different CLT 
transport distances and, specifically, the effects of 
sourcing CLT from INW, the eastern United 
States, or Europe. This analysis shows that the 
global warming impact of CLT transportation 
increased from 3.4 to 8.2, to 16, to 47 kg CO2 

eq/m2 of floor area with the increasing levels of 
distance, respectively (Fig 7), which also ac-
counts for 59%, 73%, and 89% of total impacts in 
the transport phase (module A4) for the three 
projected regions. Meanwhile, as shown in Fig 7, 
the transport phase (module A4) contributes less 
than 5% to the global warming impact compared 
with the module A1-A5 impacts under the local 
(within 320 km) assumption, and this ratio would 
increase to 7%, 10%, and 22%, respectively, if 
sourcing the CLT material from the three other 
locations. 

The CLT transport distance revealed substantial 
changes to the differences between the mass 
timber and concrete buildings in environmental 
impacts. The mass timber building outperformed 
the concrete building in global warming with 18%, 
16%, and 13% lower impacts when sourcing from 
local and projected INW and eastern US regions. 
However, the mass timber building had 0.2% 
higher global warming impact than the concrete 

Figure 7. Global warming impacts from transportation of cross-laminated timber (CLT) materials to the building site 
(assuming CLT manufacturer in-state with a distance of 375 miles; INW: Inland Northwest region in the United States, 
Eastern: eastern United States, and Oversea: Europe) and the fraction of A4 impact in total A1-A5 for the mass timber building. 
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building if CLT was sourced from Europe because 
of the long transportation distance. 

Study Strengths and Limitations 

A strength of this study was the detailed building 
design information for two equivalent buildings 
by our highly qualified architectural and struc-
tural engineering partners. The study evaluated 
the structural elements, modules A1-A5, with the 
expectations that the bill of the materials for the 
two buildings incorporated the same U-value. 
Although mineral wool was incorporated into the 
analysis at the same quantities, its impacts were 
less than 0.3%. A limitation of this study was the 
lack of detail on the CLT manufacturing process. 
This lack of detail includes energy consumption 
in the manufacturing, proprietary details such as 
resin use, and the yield of CLT from dimensional 
lumber. In this study, the building components 
were limited to elements that were most different, 
eg the ceilings-roof, floors, foundation, post-
beams, and walls. Other equivalent components 
such as windows, doors, plumbing, and elec-
tricity were excluded in the scope of this study. 
Construction site data including equipment use, 
electricity use, and labor count were not available 
for this study. Therefore, an empirical equation 
provided by the Athena Sustainable Materials 
Institute and based on building height was used. 
As with any LCA, additional data on specific 
processes, eg CLT manufacturing to concrete 
transportation, will improve the value of the 
analysis. 

CONCLUSION 

In this study, a comparative cradle-to-site LCA of 
a mass timber, tall wood building, and a func-
tionally equivalent concrete building was con-
ducted. This study shows that the mass timber 
building outperformed the concrete building on a 
number of environmental impact categories, eg 
global warming, ozone depletion, and eutrophi-
cation, whereas the concrete building showed 
better performance on smog and acidification, as 
well as total primary energy demand. The product 
phase (modules A1-A3) contributed more than 

66% of total cradle-to-site (modules A1-A5) 
impacts in all impact categories for both build-
ings. The mass timber building was much lighter, 
68% of the total weight of the concrete building. 
Even with the use of concrete and steel in the 
foundation and CLT floor systems, the mass 
timber building used 58% of the concrete and 
72% of the rebar of the concrete building. Floors 
and walls were major environmental contributors 
in building sections. CLT and concrete were the 
hotspot for the tall wood building, and concrete 
and rebar were the hotspot for the concrete 
building. The required use of more gypsum board 
for mid- to high-rise mass timber buildings to 
comply with building codes increased global 
warming, smog, acidification, and eutrophica-
tion. The CLT building had lower CO2 emissions 
than the concrete building when biogenic carbon 
and sequestered carbon were included. Sensi-
tivity analysis showed that the environmental 
impacts for CLT transport distance, including 
sourcing from European countries, could reverse 
the advantages of all impact categories for the 
mass timber building in this study. Further work 
will focus on environmental impacts at the use 
and end-of-life phases. 
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Limiting climate warming to <2°C requires increased mitigation efforts, including land stewardship, whose poten-
tial in the United States is poorly understood. We quantified the potential of natural climate solutions (NCS)—21 
conservation, restoration, and improved land management interventions on natural and agricultural lands—to 
increase carbon storage and avoid greenhouse gas emissions in the United States. We found a maximum potential 
of 1.2 (0.9 to 1.6) Pg CO2e year−1, the equivalent of 21% of current net annual emissions of the United States. At 
current carbon market prices (USD 10 per Mg CO2e), 299 Tg CO2e year−1 could be achieved. NCS would also pro-
vide air and water filtration, flood control, soil health, wildlife habitat, and climate resilience benefits.

INTRODUCTION
Limiting global warming below the 2°C threshold set by the Paris 
Climate Agreement is contingent upon both reducing emissions and 
removing greenhouse gases (GHGs) from the atmosphere (1, 2). 
Natural climate solutions (NCS), a portfolio of discrete land steward-
ship options (3), are the most mature approaches available for car-
bon conservation and uptake compared to nascent carbon capture 
technologies (4) and could complement increases in zero-carbon 
energy production and energy efficiency to achieve needed climate 
change mitigation. Within the United States, the maximum and 
economically viable mitigation potentials from NCS are unclear.

Here, we quantify the maximum potential for NCS in the United 
States and the portion of this maximum that could be achieved at 

several price points. We consider 21 distinct NCS to provide a con-
sistent and comprehensive exploration of the mitigation potential 
of conservation, restoration, and improved management in forests, 
grasslands, agricultural lands, and wetlands (Fig. 1), carefully defined 
to avoid double counting (details in the Supplementary Materials). 
We estimate the potential for NCS in the year 2025, which is the 
target year for the United States’ Nationally Determined Contribution 
(NDC) under the Paris Agreement to reduce GHG emissions by 26 
to 28% from 2005 levels. Our work refines a coarser-resolution 
global analysis (3) and updates and expands the range of options 
considered in previous analyses for the United States (5–8).

For each NCS opportunity (Fig. 1 and the Supplementary Materials), 
we estimate the maximum mitigation potential of GHGs measured 
in CO2 equivalents (CO2e), given the below constraints. We then 
estimate the reductions obtainable for less than USD 10, 50, and 100 
per Mg CO2e. Current carbon markets pay around USD 10 (9). The 
social cost of carbon in 2025 is approximately USD 50, using a 3% 
discount rate (10). However, a price of at least USD 100 is thought 
to be needed to keep the 100-year average temperature from warm-
ing more than 2.5°C (11), and an even higher price may be needed 
to meet the Paris Agreement <2°C target. Many NCS also generate 
co-benefits, which, even without a price on carbon, provide incen-
tives to invest in NCS implementation. We identified co-benefits 
generated by each NCS in four categories of ecosystem services: air, 
biodiversity, water, and soil (Fig. 1 and table S2).

To avoid conflicts with other important societal goals for land use, 
we constrain our maximum estimate to be compatible with human 
needs for food and fiber (Supplementary Materials). Within these 
constraints, 5.1 Mha of cropland can be restored to grasslands, for-
ests, and wetlands, equal to the area that has left the Conservation 
Reserve Program (CRP) since 2007 (8) and less than half the land 
currently dedicated to corn ethanol. We also estimate that 1.3 Mha 
of pasture could be reforested without affecting livestock produc-
tion, assuming recent improvements in efficiency continue (see the 
Supplementary Materials). We assume that timber production can 
temporarily decrease by 10%, which maintains timber production 

1The Nature Conservancy, Minneapolis, MN 55415, USA. 2The Nature Conservancy, 
Santa Fe, NM 87501, USA. 3The Nature Conservancy, Arlington, VA 22203, USA. 4In-
stitute of Ecology and Evolution, University of Oregon, Eugene, OR 97403, USA. 
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levels within the historic range of variation and enables managed 
forests and plantations to transition to longer harvest rotations (see 
the Supplementary Materials). We assume that extensive natural 
forests on private lands can all undergo harvest extension, with 
the temporary loss of timber supply replaced by reforestation and 
thinning for fire risk reduction (12) or with thinning or select har-
vest practices that still provide timber but maintain carbon levels 
(Supplementary Materials) (13, 14). We further constrain our analy-
sis to avoid impacts on biodiversity. This biodiversity constraint pre-
cludes both the conversion of natural habitat to energy crops and 
the afforestation of native grasslands.

RESULTS
We find a maximum additional NCS mitigation potential of 1.2 Pg 
CO2e year−1 [95% confidence interval (CI), 0.9 to 1.6 Pg CO2e year−1] 
in the year 2025 (Fig. 1 and table S1). This is 21% of the 5794.5 Tg 
CO2e of net emissions in 2016 (15). The majority (63%) of this po-
tential comes from increased carbon sequestration in plant bio-
mass, with 29% coming from increased carbon sequestration in soil 
and 7% coming from avoided emissions of CH4 and N2O. At the 
USD 10, 50, and 100 price points, 25, 76, and 91%, respectively, of 

the maximum mitigation would be achieved. This means that 1.1 Pg 
CO2e year−1 are available at USD 100 per Mg CO2e, which equals 
the emission reductions needed to meet the U.S. NDC under the 
Paris Agreement (see the Supplementary Materials). If NCS were 
pursued in combination with additional mitigation in the energy 
sector, then it would therefore enable the United States to exceed its 
current NDC ambition. This is important because, globally, current 
NDCs (7 to 9 Pg CO2e year−1) would need to be dramatically in-
creased (by an additional 10 to 16 Pg CO2e year−1) to limit warming 
below 2°C (16).

This estimate of maximum NCS potential is similar to or higher 
than several previous syntheses of mitigation opportunities in the 
land sector. For example, the United States Mid-Century Strategy 
for Deep Decarbonization estimated a potential land sink of 912 Tg 
CO2e year−1, 30% lower than our estimate (5). While other efforts 
have focused on the forest sector (7) or the agricultural sector (6), 
this analysis presents a comprehensive and up-to-date synthesis of 
NCS opportunities in the United States. For example, this analysis 
considers potential additional mitigation from tidal wetlands and 
seagrass (“blue carbon”), which has been comprehensively analyzed 
for its current status in the United States (17), but not its potential 
for additional mitigation.

Fig. 1. Climate mitigation potential of 21 NCS in the United States. Black lines indicate the 95% CI or reported range (see table S1). Ecosystem service benefits linked 
with each NCS are indicated by colored bars for air (filtration), biodiversity (habitat protection or restoration), soil (enrichment), and water (filtration and flood control). 
See the Supplementary Materials for detailed findings and sources.
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Reforestation has the single largest maximum mitigation poten-
tial (307 Tg CO2e year−1). The majority of this potential occurs in 
the northeast (35%) and south central (31%) areas of the United States 
(fig. S1). This mitigation potential increases to 381 Tg CO2e year−1 
if all pastures in historically forested areas are reforested. Previous 
estimates of reforestation potential range widely from 208 to 1290 
Tg CO2e year−1 (7). Higher estimates than ours can be obtained by 
reforesting or afforesting areas that we excluded (e.g., productive 
crop and pasture lands and natural grasslands) and/or by using rates 
of carbon sequestration from plantation systems rather than from 
natural regenerating forests [e.g., (7)].

Natural forest management of privately held forests has the sec-
ond largest maximum mitigation potential (267 Tg CO2e year−1). 
This maximum mitigation is achieved by extending harvest cycles. 
Mitigation can also be achieved through forest management prac-
tices such as reduced impact logging and improved silvicultural prac-
tices that release suppressed forest growth (18–20), although often 
at lower sequestration rates than extending harvest cycles. These 
management practices can be implemented at low or no net cost 
(21, 22) and do not require a change in business-as-usual (BAU) 
land use or ownership rights.

Another promising opportunity associated with forests is fire 
management (18 Tg CO2e year−1; fig. S6). Fire management entails 
restoring frequent, low-intensity, understory fires in fire-prone forest 
ecosystems to reduce the potential for high-severity wildfires (23). 
The primary carbon benefit from fire management is avoiding de-
creased net ecosystem production from tree-killing wildfire. In the 
absence of improved fire management, climate change is expected 
to continue to increase the frequency of high-severity fires and com-
promise the ability of forests to regenerate following these fires (24). 
The high uncertainty associated with the climate mitigation bene-
fits of fire management would be reduced by additional research to 
quantify the carbon storage benefits of prescribed fire across a di-
versity of forest types, including the length of time that prescribed 
fire reduces the risk of subsequent high-severity fires.

Avoided conversion protects carbon stored in extant forests and 
grasslands from ongoing losses. More than two-thirds of the avoided 
forest conversion potential (38 Tg CO2e year−1) occurs in the Southern 
and Pacific Northwest regions (table S14 and fig. S9). Many of the 
most intensive areas of rapid forest conversion were located near 
urban zones, with additional hot spots in recent agricultural expan-
sion zones (such as California’s Central Valley) and semi-arid re-
gions of the West. Avoided conversion of grassland to cropland 
prevents emissions from soils and root biomass (107 Tg CO2e year−1; 
fig. S12). The emissions from grassland conversion exceed the emis-
sions from forest conversion because both the rate of conversion 
and the per hectare emissions are higher (table S1). Cropland ex-
pansion is a major cause of conversion that affects grasslands much 
more than forests (25). The higher rate of emissions occurs because 
the conversion of grasslands to croplands results in a 28% loss of 
soil carbon from the top meter of soil (26). This generates 125 Mg 
CO2e ha−1 in emissions, comprising 81% of the emissions from grass-
land conversion (see the Supplementary Materials). Because research 
shows conflicting conclusions regarding the impact of forest con-
version in the United States on soil carbon, we do not include the 
soil carbon pool in our estimate of emissions from forest conversion 
(see the Supplementary Materials).

Carbon sequestration opportunities in croplands include the use of 
cover crops and improved cropland nutrient management. Cover 

crops, grown when fields are normally bare, provide additional car-
bon inputs to soils. Growing cover crops on the 88 Mha of the five 
primary crops in United States not already using cover crops presents 
a substantial opportunity for mitigation (103 Tg CO2e year−1). Cover 
crops are increasingly used by U.S. farmers to improve soil health, 
yields, and yield consistency (27). Improved management of nitro-
gen fertilizers reduces N2O emissions and avoids fossil fuel emis-
sions associated with fertilizer production (52 Tg CO2e year−1). 
Fertilizer rates can be reduced while maintaining yields by using 
precision agriculture to apply only the amount required in each part 
of the field and by splitting fertilizer applications to match the timing 
and supply of fertilizer with crop demand (see the Supplementary 
Materials). Emissions can also be reduced by switching from anhy-
drous fertilizer to urea, which has lower N2O emission (6).

The agronomic practices of biochar incorporation (95 Tg CO2e 
year−1) and alley cropping (planting widely spaced trees interspersed 
with a row crop; 82 Tg CO2e year−1) also have high maximum poten-
tial. However, current adoption is negligible due to a variety of cul-
tural, technological, and cost barriers that would need to be overcome 
if these practices were to achieve their mitigation potential (28, 29).

Tidal wetland restoration is the largest wetland NCS (12 Tg CO2e 
year−1). Roughly 27% of U.S. salt marshes are disconnected from the 
ocean and subject to freshwater inundation. This results in a large 
increase in CH4 emissions from these “freshened” salt marshes. Re-
connecting salt marshes with the ocean, such as via culverts under 
roads or other barriers, can avoid these CH4 emissions (30).

The 10 opportunities described above account for 90% (1082 Tg 
CO2e year−1) of the maximum NCS mitigation potential across all 
21 opportunities. An additional 11 opportunities, which sum to 122 
Tg CO2e year−1, account for just 10% of the maximum potential. 
However, these NCS may offer optimal ecological and economic 
opportunities at local scales (Fig. 1 and Supplementary Materials). 
For example, peatland restoration offers a high per hectare mitiga-
tion benefit, especially in regions of the United States with warm 
temperate climates (8.2 Mg CO2e ha−1 year−1).

Lower-cost opportunities represent particularly promising areas 
for increased near-term investment. We identified 299 Tg CO2e year−1 
of NCS opportunities that could be realized for USD 10 Mg CO2e−1 
or less (table S1), a price that is in line with many current carbon 
markets (9). The two largest lower-cost opportunities are improved 
management practices: cover crops (100 Tg CO2e year−1) and im-
proved natural forest management (64 Tg CO2e year−1). Both of 
these practices, along with planting windbreaks (5 Tg CO2e year−1) 
and legumes in pastures (3 Tg CO2e year−1), have the potential to 
increase yields (21, 22, 27) and therefore to generate additional rev-
enue for landowners. Improved manure management can also provide 
low-cost mitigation (12 Tg CO2e year−1) (8). In addition, lower-cost 
NCS include increased efficiencies (cropland nutrient management, 
28 Tg CO2e year−1; grazing optimization, 6 Tg CO2e year−1) and 
avoided conversion (avoided forest conversion, 37 Tg CO2e year−1; 
avoided grassland conversion, 24 Tg CO2e year−1).

By itself, the marginal abatement cost gives an incomplete pic-
ture of the potential for implementation of NCS, in part because NCS 
provide a variety of co-benefits (Fig. 1 and table S2). The values of 
these co-benefits are not captured in our marginal abatement costs 
yet may drive NCS implementation. For example, investments in fire 
management are needed to avoid impacts on air quality and drink-
ing water provision; urban forestry provides human health, aesthetic, 
and direct temperature reduction benefits; nutrient management is 
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needed to improve water quality and avoid toxic algal blooms (table S2). 
Further, NCS can help provide resilience to climate change impacts 
on nature and people. For example, building soil carbon increases 
the resilience of cropland (31); protecting coastal wetlands can pro-
vide coastal defense against storms (32); and fire management can 
help avoid damaging wildfires (23).

We have restricted our analysis to those opportunities where the 
literature conclusively demonstrates the potential for mitigation. 
This suggests that new research may reveal additional opportunities 
for NCS, which would increase the potential identified here. At the 
same time, substantial uncertainties exist in some NCS opportuni-
ties (Fig. 1 and table S1), highlighting the need for implementation 
to be coupled with monitoring and assessment of NCS.

DISCUSSION
The United States is the largest cumulative emitter of carbon dioxide 
from fossil fuels (33). Despite the immense size of U.S. GHG emissions 
from fossil fuel use, we find that NCS have the potential to generate 
mitigation equivalent to 21% of net annual emissions. This reveals 
the important contribution to climate mitigation that the land sec-
tor can make, even in developed countries such as the United States.

Globally, current NCS efforts receive only 0.8% of public and 
private climate financing (34), despite offering roughly 37% of po-
tential mitigation needed through 2030 (3). One concern that may 
have limited the adoption of NCS to date includes competition with 
other land uses such as food and bioenergy production. A growing 
body of literature suggests that future global food demand can be 
met via investments in yield increases, closing yield gaps, diet shifts, 
aquaculture, and biofuel policy, without the need to further expand 
cropland into natural areas (35, 36). In the United States, marginal 
cropland, much of which is unprofitable (37), could be restored to 
grassland or forests with net societal benefits (38). Similarly, NCS 
may compete with bioenergy production. However, this conflict can 
be reduced or avoided depending on the form of bioenergy produc-
tion or NCS. Some forms of biomass production, such as residues 
and wastes, or high-yielding methods, such as algae, do not require 
productive land (39). Our grassland restoration pathway could pro-
duce a limited amount of additional biomass while maintaining carbon 
sequestration in soils if low-productivity croplands are converted to 
perennial energy grasses (40). Further, NCS based on improved 
management of existing land uses do not create land use conflict and 
can even increase productivity within that land use (e.g., fire manage-
ment or cover crops). However, aggressive expansion of dedicated 
bioenergy crops, given the large land requirement of both first- and 
second-generation bioenergy crops (41), would be likely to reduce the 
mitigation potential available through NCS, notably via reforesta-
tion, avoided grassland conversion, and natural forest management.

A second concern is that ecosystems have a limited ability to store 
additional carbon. For each pathway, we quantified the duration of 
time for which mitigation is expected to occur at the rates we esti-
mate, before saturation effects decrease this rate (table S1). We note 
that carbon can continue to accumulate in forests for hundreds 
of years and in soils for centuries or millennia (table S1 and the 
Supplementary Materials). Further, four of our NCS opportunities 
(cropland nutrient management, tidal wetland restoration, manure 
management, and improved rice management) are based on avoided 
emissions of CH4 and N2O, which are benefits that do not saturate. 
The mitigation potential of avoided conversion of habitat is limited 

by the total carbon contained in the habitat. Our analysis assumes 
that rates of conversion persist at current levels in a BAU scenario, 
which would represent a continuing source of emissions for at least 
67 years for each habitat considered here before reaching “saturation” 
when the total area has been lost. However, the long-term benefit of 
avoided conversion depends on assumed future BAU conversion rates.

The permanence of the ~2270 Pg C currently stored globally in 
biomass (42) and soils to 1 m (26) is a significant concern, because 
unmitigated climate change is likely to cause feedbacks that may 
increase disturbances such as fire or pest outbreaks (43) or limit net 
ecosystem productivity or forest regeneration (24). While NCS would 
marginally increase this large carbon pool, putting some additional 
carbon at risk, rapid and widespread implementation of NCS would 
reduce the overall risk of impermanence to the terrestrial biosphere 
that unmitigated climate change is likely to cause.

Another challenge is that avoiding conversion in one area can 
cause conversion to shift to other areas, often referred to as “leakage.” 
Large-scale sectoral and landscape approaches to land use planning 
and policies will be needed to realize the NCS opportunities identi-
fied here. These approaches can and should be designed to buffer 
risks of leakage associated with individual projects (44).

Reducing carbon-intensive energy consumption is necessary but 
insufficient to meet the ambitious goals of the Paris Agreement. 
Comprehensive mitigation efforts that include fossil fuel emission 
reductions coupled with NCS hold promise for keeping warming 
below 2°C. Beyond providing meaningful climate mitigation, NCS 
investment can increase other important ecosystem services. The 
conservation, restoration, and improved management of lands in 
the United States represent a necessary and urgent component of 
efforts to stabilize the climate.

MATERIALS AND METHODS
Below, we provide a brief overview of methods for each of the 21 NCS 
that we quantified. Full methodological details are provided in the 
Supplementary Materials.

Reforestation: Additional carbon sequestration in above- and 
belowground biomass and soils gained by converting nonforest (<25% 
tree cover) to forest [>25% tree cover (45)] in areas of the contermi-
nous United States where forests are the native cover type. We ex-
cluded areas with intensive human development, including all major 
roads (46), impervious surfaces (47), and urban areas (48). To elimi-
nate double counting with the peatland restoration pathway, we re-
moved Histosol soils (49). To safeguard food production, we removed 
most cropland and pasture. We discounted the carbon sequestra-
tion mitigation benefit in conifer-dominated forests to account for 
albedo effects.

Natural forest management: Additional carbon sequestration in 
above- and belowground biomass gained through improved manage-
ment in forests on private lands under nonintensive timber manage-
ment. The maximum mitigation potential was quantified on the basis 
of a “harvest hiatus” scenario starting in 2025, in which natural for-
ests are shifted to longer harvest rotations. This could be accom-
plished with less than 10% reduction in timber supply with new 
timber supply from thinning treatments for fuel risk reduction until 
new timber from reforestation is available in 2030.

Fire management: Use of prescribed fire to reduce the risk of 
high-intensity wildfire. We considered fire-prone forests in the west-
ern United States. We assume that treatment eliminates the risk of 
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subsequent wildfire for 20 years, but only on the land that was di-
rectly treated. We assume that 5% of lands are treated each year, and we 
calculated the benefits that accrue over 20 years, finding that the ini-
tial increase in emissions associated with prescribed fire treatment 
is more than offset over time by the avoided impacts of wildfires. We 
report the average annual benefit across these 20 years. The impact 
of wildfires includes both direct emissions from combustion and 
suppression of net ecosystem productivity following wildfires.

Avoided forest conversion: Emissions of CO2 avoided by avoiding 
anthropogenic forest conversion. Most forest clearing is followed by 
forest regeneration rather than conversion to another land use. To 
estimate the rate of persistent conversion (i.e., to another land use), 
we first calculated forest clearing in the conterminous United States 
from 2000 to 2010 and then used the proportion of forest clearing 
that historically was converted to another land use to estimate con-
version rates in 2000 to 2010. We used estimates of avoided carbon 
emissions from above- and belowground biomass that are specific 
to each region and forest type. We did not count forest loss due to 
fire to avoid double counting with the improved fire management 
opportunity. We did not count forest loss due to pests because it 
is unclear whether this loss can be avoided. We reduced the benefit 
of avoided conversion in conifer-dominated forests to account for 
their albedo effects.

Urban reforestation: Additional carbon sequestration in above- 
and belowground biomass gained by increasing urban tree cover. 
We considered the potential to increase urban tree cover in 3535 
cities in the conterminous United States. We considered the poten-
tial for additional street trees, and for those cities not in deserts, we 
also considered the potential for park and yard tree plantings. The 
potential percent increase in tree cover was estimated on the basis of 
high-resolution analysis of 27 cities, which excluded sports fields, 
golf courses, and lawns (50).

Improved plantations: Additional carbon sequestration gained in 
above- and belowground tree biomass by extending rotation lengths 
for a limited time in even-aged, intensively managed wood production 
forests. Rotation lengths were extended from current economic opti-
mal rotation length to a biological optimal rotation length in which 
harvest occurs when stands reach their maximum annual growth.

Cover crops: Additional soil carbon sequestration gained by 
growing a cover crop in the fallow season between main crops. We 
quantified the benefit of using cover crops on all of the five major 
crops in the United States (corn, soy, wheat, rice, and cotton) that 
are not already growing cover crops (27), using the mean sequestra-
tion rate quantified in a recent meta-analysis (51).

Avoided conversion of grassland: Emissions of CO2 avoided by 
avoiding conversion of grassland and shrubland to cropland. We 
quantified avoided emissions from soil and roots (for shrubs, we also 
considered aboveground biomass) based on the spatial pattern of 
conversion from 2008 to 2012. We used spatial information on lo-
cation of recent conversion and variation in soil carbon and root 
biomass to estimate mean annual emission rate from historic con-
version. We estimated a 28% loss of soil carbon down to 1 m (26). 
We modeled spatial variation in root biomass based on mean annual 
temperature and mean annual precipitation using data from (52).

Biochar: Increased soil carbon sequestration by amending agri-
cultural soils with biochar, which converts nonrecalcitrant carbon 
(crop residue biomass) to recalcitrant carbon (charcoal) through 
pyrolysis. We limited the source of biochar production to crop resi-
due that can be sustainably harvested. We assumed that 79.6% of 

biochar carbon persists on a time scale of >100 years (53, 54) and that 
there are no effects of biochar on emissions of N2O or CH4 (55, 56).

Alley cropping: Additional carbon sequestration gained by plant-
ing wide rows of trees with a companion crop grown in the alley-
ways between the rows. We estimated a maximum potential of alley 
cropping on 10% of U.S. cropland (15.4 Mha) (57).

Cropland nutrient management: Avoided N2O emissions due to 
more efficient use of nitrogen fertilizers and avoided upstream emis-
sions from fertilizer manufacture. We considered four improved 
management practices: (i) reduced whole-field application rate, (ii) 
switching from anhydrous ammonia to urea, (iii) improved timing 
of fertilizer application, and (iv) variable application rate within 
field. We projected a 4.6% BAU growth in fertilizer use in the United 
States by 2025. On the basis of these four practices, we found a maxi-
mum potential of 22% reduction in nitrogen use, which leads to 
a 33% reduction in field emissions and a 29% reduction including 
upstream emissions.

Improved manure management: Avoided CH4 emissions from 
dairy and hog manure. We estimated the potential for emission 
reductions from improved manure management on dairy farms 
with over 300 cows and hog farms with over 825 hogs. Our calcu-
lations are based on improved management practices described 
by Pape et al. (8).

Windbreaks: Additional sequestration in above- and belowground 
biomass and soils from planting windbreaks adjacent to croplands 
that would benefit from reduced wind erosion. We estimated that 
windbreaks could be planted on 0.88 Mha, based on an estimated 
17.6 Mha that would benefit from windbreaks, and that windbreaks 
would be planted on ~5% of that cropland (8).

Grazing optimization: Additional soil carbon sequestration due 
to grazing optimization on rangeland and planted pastures, derived 
directly from a recent study by Henderson et al. (58). Grazing opti-
mization prescribes a decrease in stocking rates in areas that are 
overgrazed and an increase in stocking rates in areas that are under-
grazed, but with the net result of increased forage offtake and live-
stock production.

Grassland restoration: Additional carbon sequestration in soils 
and root biomass gained by restoring 2.1 Mha of cropland to grass-
land, equivalent to returning to the 2007 peak in CRP enrollment. 
Grassland restoration does not include restoration of shrubland.

Legumes in pastures: Additional soil carbon sequestration due 
to sowing legumes in planted pastures, derived directly from a re-
cent global study by Henderson et al. (58). Restricted to planted 
pastures and to where sowing legumes would result in net seques-
tration after taking into account potential increases in N2O emis-
sions from the planted legumes.

Improved rice management: Avoided emissions of CH4 and 
N2O through improved practices in flooded rice cultivation. Prac-
tices including mid-season drainage, alternate wetting and drying, 
and residue removal can reduce these emissions. We used a U.S. En-
vironmental Protection Agency (EPA) analysis that projects the po-
tential for improvement across U.S. rice fields, in comparison with 
current agricultural practices (59).

Tidal wetland restoration: In the United States, 27% of tidal wet-
lands (salt marshes and mangroves) have limited tidal connection 
with the sea, causing their salinity to decline to the point where CH4 
emissions increase (30). We estimated the potential for reconnect-
ing these tidal wetlands to the ocean to increase salinity and reduce 
CH4 emissions.
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Peatland restoration: Avoided carbon emissions from rewetting 
and restoring drained peatlands. To estimate the extent of restor-
able peatlands, we quantified the difference between historic peat-
land extent [based on the extent of Histosols in soil maps (60)] and 
current peatland extent. Our estimate of mitigation potential ac-
counted for changes in soil carbon, biomass, and CH4 emissions, 
considering regional differences, the type of land use of the converted 
peatland, and whether the peatland was originally forested.

Avoided seagrass loss: Avoided CO2 emissions from avoiding sea-
grass loss. An estimated 1.5% of seagrass extent is lost every year (61). 
We assumed that half of the carbon contained in biomass and sedi-
ment from disappearing seagrass beds is lost to the atmosphere (62).

Seagrass restoration: Increased sequestration from restoring the 
estimated 29 to 52% of historic seagrass extent that has been lost 
and could be restored (61). We estimated the average carbon se-
questration rate in the sediment of seagrass restorations based on 
data from six seagrass restoration sites in the United States (63).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaat1869/DC1
Supplementary Materials and Methods
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The US Endangered Species Act (ESA) influences forest 
and fire management across the US. In both the south-

ern and the western US, several species of conservation con-

cern exist in forests with historically frequent, low- to 
moderate-intensity fire regimes. In the southern US, the use 
of prescribed burning to restore historical fire regimes has 
strong institutional support; it is ubiquitously applied for a 
broad range of resource benefits (Kobziar et al. 2015; Melvin 
2015), which are familiar to both the general public and land 
management personnel. Across the western US, however, 
wildfire suppression is favored over prescribed burning, 
which is carried out relatively infrequently due to a number 
of factors, including limited institutional capacity (Quinn-
Davidson and Varner 2011; Schultz et al. 2018), air quality 
concerns (Schultz et al. 2018), and the lack of a large trained 
workforce.

Given the nationwide requirements for species conservation 
across the US, the differences between approaches in the two 
regions may be linked to how the ESA differentially affects fire 
management. Here, we focus on two emblematic species – the 
red-cockaded woodpecker (Picoides borealis; RCW) of the south-
ern US and the spotted owl (Strix occidentalis, including three 
subspecies; SO) of the western US (Figure  1) – to explore the 
relationship between the ESA and fire management. RCW habi-
tat and population recovery programs are widely hailed as a suc-
cess, whereas conservation of SO habitat has been less effective.

The ESA and fire management intersect in three impor-
tant ways. First, conservation goals are driven by the ecology 
of the species at risk, how fire affects its preferred habitat, and 
the scale at which those effects are relevant. Second, even 
where the relationships between fire regimes and threatened 
species habitat factors are well understood, the ESA can be 
used to justify fire suppression and to limit active manage-
ment. Finally, when considering practices directly aimed at 
species conservation, policy makers may view fire manage-

Is fire “for the birds”? How two rare species 
influence fire management across the US
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bird conservation in the southern and western US. In the South, prescribed fire and restoration-based forest thinning are com-
monly used to conserve the endangered red-cockaded woodpecker (Picoides borealis; RCW), whereas in the West, land manag-
ers continue to suppress fire across the diverse habitats of the northern, Californian, and Mexican spotted owls (Strix occiden-
talis subspecies; SO). Although the habitat needs of the RCW and SO are not identical, substantial portions of both species’ 
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In a nutshell:
•	 The US Endangered Species Act has influenced fire man-

agement differently across regions, even with species that 
are adapted to similar fire regimes

•	 Frequent prescribed fire and restoration thinning have 
greatly improved red-cockaded woodpecker (Picoides bo-
realis) recovery in the southern US, while in the western 
US, large severe wildfires are a major threat to spotted 
owl (Strix occidentalis) recovery

•	 Complementary benefits from habitat restoration and fuels 
reduction using fire and thinning help explain the red- 
cockaded woodpecker’s recovery in the South

•	 Integrating the beneficial roles of fire and restoration 
thinning into spotted owl conservation in the West may 
be critical for maintaining its habitat, especially with a 
changing climate

(continued on 
last page)
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ment objectives as being of equal or greater importance. For 
this reason, fire management may be driving endangered 
species management decisions rather than the reverse.

We recognize that there are differences between the life 
histories and habitat needs of the RCW and SO (WebTable 1). 
However, our goal is to compare and contrast two distinct but 
related fire paradigms affecting these iconic birds in the US. 
We explore how the intersection of fire management and rare 
species protection differs between the two regions in order to 
better understand what promotes species conservation suc-
cess in the context of wildland fire management.

Red-cockaded woodpecker in longleaf pine

The RCW is endemic to the pine–grasslands, woodlands, 
and savannas of 11 US states, and was federally designated 
as “Endangered” in 1968, prior to passage of the ESA. 

The species was once common throughout the southern 
US, coinciding primarily with the distribution of fire-
maintained southern pines. Current RCW populations are 
scattered, and many are isolated, with less than 3% of 
the bird’s pre-colonial population remaining (USFWS 
2003). RCWs prefer low-density, pine-dominated habitats, 
which in the South were historically maintained by very 
frequent (1–5-year intervals), low-intensity fires. The drastic 
reductions in RCW abundance that have occurred over 
the past several decades are primarily due to habitat loss 
caused by land conversion, development, logging, loss of 
mature living pines (>75 years), and fire exclusion. 
Collectively, these changes have resulted in the prolifer-
ation of hardwoods and reduced herbaceous understories. 
The RCW was initially considered an old-growth obligate 
fire-dependent species because these birds created roost 
cavities exclusively in large, fire-maintained living pines. 
Today, RCWs utilize most southern pine tree species even 
at younger ages, partially as a result of artificial nest cavity 
installations (Conner et  al. 2001).

Specific fire regime attributes are critically important for 
promoting and conserving longleaf pine (Pinus palustris) habi-
tat for the RCW, with the most important factor being consist-
ent application of frequent fire. Ultimately, the formula for 
RCW recovery in longleaf pine has been straightforward ever 
since the bird was listed: sustaining prescribed fire manage-
ment explicitly supported by policy, strategic creation and pres-
ervation of nest cavities, RCW introduction and translocation 
programs, and reduced regulatory burden of recovery on pri-
vate lands through “Safe Harbor” programs (Trainor et  al. 
2013). These measures have likely prevented socioeconomic 
obstacles from hindering RCW restoration (eg forest thinning 
can continue as long as RCW habitat is maintained) and have 
contributed to the widespread support for fire restoration 
across land ownerships. Also critical is the compatibility of 
RCW habitat restoration actions with broader forest manage-
ment goals. Potential wildfire severity reduction associated 
with prescribed burning has been compatible with the land 
management needs of government agencies, especially the US 
Department of Defense (DoD), as well as those of private land-
owners. Although current RCW population numbers are well 
below historical estimates, results indicate a clear positive tra-
jectory (Figure 2).

However, this trajectory has not been without costs. 
Although no official figures have been published regarding the 
cost of recovery, the DoD – which manages all or part of six of 
13 core RCW populations – has provided more than $10 mil-
lion annually for management for nearly 25 years, with an 
additional estimated $67 million spent on research and devel-
opment for RCW recovery between 1991 and 2004 (K Hiers 
pers comm). This investment often goes toward what some see 
as excessive use of expensive techniques for managing overly 
precise habitat parameters (Hiers et al. 2014, 2016), which may 
jeopardize habitats for other rare taxa (Hiers et  al. 2014). 
Recent research shows that in relatively well-restored habitat, 

Figure  1. (a) Red-cockaded woodpecker (Picoides borealis  ; RCW) in 
Florida; (b) California spotted owl (Strix occidentalis occidentalis  ; CSO) in 
the Sierra Nevada.
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RCWs may be more tolerant of a wider range 
of modest hardwood densities than was previ-
ously seen in degraded habitat, and therefore 
“one-size-fits-all” guidelines are not appropri-
ate across the species’ range (McKellar et  al. 
2014, 2016). A focus on narrow habitat metrics 
can lead to ecosystem homogenization, which 
can compromise long-term resilience of long-
leaf pine ecosystems. Such considerations are 
particularly critical to climate resilience strate-
gies that call for RCW habitat expansion out-
side of the former range of longleaf pine.

Red-cockaded woodpecker in shortleaf 
pine

Farther north, the RCW was once common 
in fire-dependent shortleaf pine (Pinus ech-
inata)–bluestem (Andropogon spp) ecosys-
tems, and is at present most abundant in 
the Ouachita Highlands of Arkansas and 
Oklahoma. In these areas, prior to the mid-
1920s, low tree density and pine dominance 
were maintained with low-intensity surface fires (every 1–12 
years, mean interval = 4.6 years) that limited hardwood 
establishment (Masters et al. 1995). By 1970, this community 
type, along with the RCW, had all but disappeared because 
of logging and fire exclusion (Hedrick et al. 2007). Following 
a Forest Plan revision in 2005, the Ouachita National Forest 
committed to restoring this ecosystem for RCWs and asso-
ciated species on over 100,000 ha in Arkansas and Oklahoma. 
Restoration efforts consist of thinning to modify stand den-
sity, basal area, and composition, and reintroducing frequent 
(3-year return interval) prescribed fire (Figure 3; Bukenhofer 
et  al. 1994; Guldin 2007). Restored stands are characterized 
by a three- to seven-fold increase in grass and forb pro-
ductivity, depending on time since fire (Sparks et  al. 1998).

The benefits of this ecosystem management approach 
extend well beyond a single species. Research has demon-
strated marked increases in a suite of at least 16 woodland–
grassland obligate songbirds, most of which are of special 
management concern in Arkansas and Oklahoma (Figure  4; 
Wilson et al. 1995). The small mammal community and game 
species of local interest have benefited (Masters et  al. 1993, 
1998; Cram et al. 2002; Masters 2007), and plant and inverte-
brate communities, particularly lepidopterans, have also expe-
rienced substantial population growth (Sparks et  al. 1998; 
Hedrick et al. 2007).

Treatments are funded by commercial timber sales. Sale 
receipts are disbursed to the US Treasury and to local govern-
ments, with a portion of the timber sale proceeds reinvested in 
treatments to improve habitat under provisions of the Knutson-
Vandenberg Act (Guldin 2007). As such, the presence of viable 
local markets for timber has been an instrumental element of 
the success of the RCW recovery in shortleaf pine ecosystems. 

RCW population growth was further accelerated by artificial 
management tactics, such as translocations and augmenta-
tions, snake exclusion devices, cavity inserts and restrictor 
installations, and the control of southern flying squirrels 
(Glaucomys volans), which compete with the RCW for cavity 
occupancy.

Another unique feature of this restoration program is the 
introduction of prescribed fire during the tree regeneration 
phase (stand age 3–5 years), which is crucial for the establish-
ment of open stand structures conducive to other flora and 
fauna associated with this ecosystem. Fire use in the early 
stages of stand development also serves to favor native shortleaf 
pine over loblolly pine (Pinus taeda) and should eliminate the 
need for future treatments in middle-aged stands. If sufficient 
landscape-scale area is to be restored and maintained, increased 
use of prescribed burning is imperative.

As a result of improved understanding of RCW ecology 
and dedicated, ecologically informed fire management, most 
RCW populations across the South are now either stable or 
increasing. Recent range-wide population assessments show 
that the number of RCW breeding groups has increased from 
an estimated 4694 in the 1990s to 7800 at present (ie >49,000 
individuals; W McDearman pers comm). This trend suggests 
that down-listing or even delisting of the species could occur 
20 years ahead of previous expectations (USFWS 2003).

Spotted owls

Northern spotted owl

The northern spotted owl (Strix occidentalis caurina; NSO), 
designated as “Federally Threatened” in 1990, is found from 

Figure 2. Red-cockaded woodpecker (Picoides borealis  ; RCW) recovery at the US Department 
of Defense Eglin Air Force Base in northern Florida shows population increases (as indicated by 
active use of cavity trees by RCW) correspond with increasing area of prescribed burning over 
the past 23 years.
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southwestern British Columbia, through Washington and 
Oregon, and into California. Although habitat loss from logging 
remains a concern on state and private lands, the primary 
threats to the NSO on federal lands are competition from the 
invasive barred owl (Strix varia; Singleton et  al. 2010; Wiens 
et  al. 2014) and loss of habitat due to large, high-severity 
wildfires (WebTable 1; Davis et  al. 2016). Efforts to conserve 
the NSO on federal lands have included the establishment of 
a system of large Late-Successional Reserves, designated under 
the 1994 Northwest Forest Plan, and additional areas designated 
as Critical Habitat (Lesmeister et  al. 2018).

In contrast to habitats for the RCW and other SO subspe-
cies, the 23 million-ha range of the NSO encompasses a wide 
variety of fire regimes (WebFigure 1). In moist areas where fire 
occurred infrequently, the NSO’s preferred habitat consists of 
large patches of older, structurally complex, closed canopy 
conifer forests. In the eastern and southern portions of the 
NSO’s range (~40% of total range), where fire regimes pro-
moted open canopy pine and mixed-conifer forests, nesting 
and roosting patches were far less common, occurring in 
locally moist or topographically protected areas (Hagmann 
et al. 2017). In the southern part of the NSO’s range, consisting 
of relatively mesic sites where mixed-severity fire was once 
common, fires created a patchy landscape mosaic of shrubby 
vegetation, and open and closed canopy forests that favored 
the NSO and its prey (Figure 5).

In contrast to that of the RCW, portions of the NSO’s range 
were historically supported by relatively frequent wildfires 
(return interval <20 years) occurring across large landscapes 
(104–105 ha). Spatial heterogeneity resulting from an intact 
fire regime allowed for the varied structures needed for viable 
nesting, roosting, and foraging. However, fire exclusion has 
resulted in fuels accumulation, greater tree density, and a 
higher degree of canopy layering, which have increased the 
abundance of NSO nesting and roosting habitat coincident 
with the likelihood of uncharacteristically large, high-severity 
fires. Fire exclusion in historically frequent-fire areas of the 
NSO’s range allowed for widespread development of habitat 
in areas where it had not previously occurred (Hessburg et al. 
2005). Now, competition from the barred owl may be displac-
ing NSOs in these fire-excluded forests, which are on the 
margin of the NSO’s range (Dugger et al. 2016).

Management actions in dry and mesic mixed-conifer forests 
that promote ecological resilience to fire and climate change at 
the landscape scale include allowing some wildfires to burn, 
reducing fuel continuity to enable safe reintroduction of fire, 
implementing restoration thinning and prescribed burning to 
restore the dominance of medium- and large-sized fire-resistant 
trees, restoring the patchwork of open and closed canopy forests 
and non-forest patches, and tailoring conditions to the topogra-
phy (Hessburg et  al. 2015). These actions would reduce the 
short-term availability of suitable NSO forest cover, but the 

Figure  3. The wildlife stand improvement (WSI) process on the Ouachita National Forest in Arkansas and Oklahoma consists of: (a) hardwoods and 
smaller shortleaf pine (Pinus echinata) trees thinned from below, (b) prescribed burning on a 3-year cycle, (c) hardwood sprouts restricted to <1-m height, 
and (d) the cumulative effects of 3–4 burns, which promote grass understory. The frequent burn cycle is then continued.

(a) (b)

(c) (d)
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remaining and future suitable forest cover 
would be more likely to persist in the face of 
wildfire and climate change. Meeting dual goals 
for conservation of fire-dependent ecosystems 
and NSO populations will require the develop-
ment of dynamic, landscape-level habitat plans 
based on difficult trade-offs (Gaines et al. 2010; 
Hessburg et al. 2015).

California spotted owl

The California spotted owl (Strix occidentalis 
occidentalis; CSO) is found throughout the 
Sierra Nevada and the mountains of central 
coastal California, and in the Transverse and 
Peninsula ranges of southern California. A 
recent assessment found that CSO populations 
have declined in three of four long-term study 
areas over the past 20 years (Gutiérrez et  al. 
2017). All three areas of CSO decline are on 
US National Forest lands interspersed with 
private industrial timberland, whereas the 
study area in which there is a stable to 
increasing population is entirely on US 
National Park Service land. The amount of 
forest composed of large trees (>60 cm diam-
eter at breast height [DBH]) and high canopy 
cover (>70%) within an owl territory was 
determined to be the best predictor of ter-
ritory extinction rates (Jones et al. 2018). The 
invasive barred owl is also a serious threat 
to the CSO (Keane et  al. 2017).

Most CSO habitat is mid-elevation (600–2200 m) mixed-
conifer forest that historically experienced frequent (5–25 
years) low- to moderate-intensity fires. Historical data and 
stand reconstruction studies suggest that prior to fire exclusion 
and large-tree logging, mixed-conifer forests averaged about 
160 stems ha−1 and ~32% canopy cover, and included areas of 
denser forest (Safford and Stevens 2017). Since fire exclusion 
and large-tree logging became commonplace in the early 
1900s, many Sierra Nevada mixed-conifer forests now have 
high surface and ladder fuel loads, with canopy cover exceed-
ing 65% (Safford and Stevens 2017). Most modern-era burns 
result from wildfires escaping suppression (Miller et al. 2009). 
These wildfires commonly burn large areas with 25–35% 
stand-replacing effects and, perhaps more importantly, include 
large and homogenous areas characterized by stand-replacing 
severity (Stevens et al. 2017).

In response to the loss of large trees from past timber har-
vesting, mechanical fuel reduction treatments are now limited 
to trees <75 cm DBH on US Forest Service lands. Current CSO 
management maintains high canopy cover (>70%) within 120-
ha protected activity centers (PACs) surrounding nest loca-
tions. As a result, PACs are often untreated and vulnerable to 
stand-replacing fire. For example, the 2014 King Fire severely 

burned one of the CSO long-term study areas, resulting in the 
largest owl population reduction over the study’s 24-year his-
tory (Jones et al. 2016). On the basis of observed trends over 
the past several decades, Stephens et al. (2016a) projected that 
severe wildfire will reduce all potential CSO nesting habitat to 
<25% canopy cover within 75 years.

Given wildfire and drought trends, a new approach to man-
aging CSO habitat is warranted. Conventional methods focus 
on maintaining relatively static “reserves” with high canopy 
cover. Much of the CSO’s association with high canopy cover, 
however, comes from rough model estimates and limited sam-
pling with imprecise field measurements. A study using 
LiDAR and a complete landscape census found total canopy 
cover was not as important to the CSO as tall (>32-m) tree 
cover (Figure 6; North et al. 2017). Furthermore, owls avoided 
cover in the 2–16-m height strata, suggesting that ladder fuel 
reduction may not be detrimental to CSOs. This more detailed 
understanding of canopy structure could be used to promote 
highly heterogeneous forest conditions, providing foraging 
habitat for prey species while maintaining dense local patches 
of tall tree cover in moister areas (Gutiérrez et  al. 2017). 
Ecologically beneficial fire could also help sustain forests criti-
cal to CSO populations (Roberts et  al. 2011), although such 
management has attendant risks and less precision than resto-

Figure 4. Community response of important bird species to a gradient of forest structures cre-
ated in shortleaf pine–RCW restoration process that includes wildlife stand improvement (WSI) 
(thinning from below) and 1-, 2-, and 3-year post-burn conditions in contrast to controls. Bird 
names along with adjacent lines indicate species presence in the below structural stage. Bird 
occurrence in diagram is based on study data (1992–1993 and 1999–2000) from the Ouachita 
National Forest, Arkansas, in Wilson et al. (1995) and Masters et al. (2002). RCW habitat prefer-
ences consist of fire-maintained, thinned forests, which also promote increased songbird, 
amphibian, and small mammal diversity.
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ration thinning. Without change, current policies will leave 
CSO habitat susceptible to severe wildfire, drought, and bark 
beetle mortality.

Mexican spotted owl

The Mexican spotted owl (Strix occidentalis lucida; MSO) 
inhabits forests and canyonlands in the southwestern US 
and the highlands of Mexico. Its distribution is driven largely 
by availability of suitable nesting habitat, which includes 
mixed-conifer or pine–oak forests with large trees and high 
canopy cover, and rocky canyons with shaded caves and 
cliff ledges (USFWS 2012). With recent reductions in timber 
harvests, high-severity wildfire is now considered by many 
researchers to be the primary threat to MSO nesting habitat. 
However, proposed restoration thinning treatments to alle-
viate risks of high-severity fire can also modify nesting 
habitat, and the effects of such modifications on MSOs 
remain largely unknown.

Some habitats used by MSOs in the southwestern US were 
historically among the most frequently burned forests in west-
ern North America (Swetnam and Baisan 2003). Repeated fires 
maintained relatively open canopy forests with thick-barked, 
dominant overstory species and rich understory diversity. A 
century of fire exclusion has led to substantial forest alteration, 
including increased tree density, canopy cover, and ladder 
fuels, and a shift in composition to shade-tolerant species in 
mixed-conifer forests (Margolis and Balmat 2009). A warming 

climate interacts with heavy fuels in modern 
forests to shift the fire regime toward infre-
quent, large, high-severity fires. Because trees 
in these forests lack adaptations that facilitate 
regeneration after large, severe fires, such as 
fire-induced sprouting and cone serotiny 
(which are also uncommon features in other 
SO habitats), recovery of MSO habitat can be 
slow or absent in some areas (Roccaforte et al. 
2012). Management aimed at restoration of 
historical ecosystem attributes, including fre-
quent low- to moderate-intensity fire regimes, 
has proven successful on some Native 
American lands (Stan et  al. 2014), and tribal 
mandates of sustained-yield timber harvesting 
practices may be consistent with managing for 
the MSO (Hoagland et  al. 2017). However, 
future warming increases uncertainty about 
maintaining these habitats even if uncharacter-
istically severe fires can be curtailed (Loehman 
et al. 2018).

Since 1989, management recommenda-
tions for MSOs on federal lands have empha-
sized protection of “Management Territories” 
or, more recently, PACs (USFWS 2012). Each 
of these PACs protects a minimum of 243 ha 
surrounding occupied nests. Secondary rec-
ommendations focus on protecting and 

developing “Recovery Habitat” to provide additional areas 
similar to nesting habitats, to facilitate population expansion. 
Desired forest habitat characteristics include large old trees 
and high canopy cover (USFWS 2012). These areas often also 
feature high fuel loads, and are therefore susceptible to high-
severity wildfire. Thinning and burning is allowed in both 
PACs and Recovery Habitats, but requires considerable addi-
tional justification, analysis, and monitoring (USFWS 2012). 
Consequently, many managers focus fire-risk reduction 
activities outside of these areas, leaving occupied nesting 
sites vulnerable to high-severity fires. As with the CSO, inte-
grating nesting habitat retention with plans to reduce 
landscape-scale fire risk and restore resilient forests remains 
one of the greatest challenges facing land managers in the 
southwestern US (Ganey et al. 2017; Wan et al. 2018).

Management implications

Although US federal law applies to both the southern and 
western US, the ability to implement effective, large-scale 
fire management and fuel treatment options varies greatly 
between the two regions, with differing consequences for 
the conservation of the RCW and SO. The considerable 
uncertainty regarding how the SO responds to fire (Ganey 
et  al. 2017) likely contributes to a precautionary principle–
driven management response (ie limited active fuels man-
agement and fire exclusion). There is ample evidence that 

Figure 5. Aerial images of nesting and roosting (NR) forest cover (green shading) before and 
one year after wildfire in northwest California. The top row shows northern spotted owl (Strix 
occidentalis caurina) response to a mixed-severity fire that did not appreciably alter the pat-
tern of NR forest cover; the territory was not abandoned. In contrast, the bottom row shows 
high-severity fire, which removed enough NR cover to cause territory abandonment. 
Occupancy data from Rockweit et al. (2017).
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this approach is likely to be counterproductive over the 
long term (Stephens et  al. 2016a). It may be that fire sup-
pression is exerting an equal or greater influence on SO 
habitat planning with regard to the ESA, rather than the 
reverse.

In the southern US, managing RCW habitat is a major driv-
ing force for fire use, in part because it complements conserva-
tion of other important species and improves long-term forest 
resilience. This is likely because the scale of treatments applied 
is consistent with RCW nesting and foraging needs. Moreover, 
despite substantial costs and a risk of homogeneous conditions 
resulting from overly precise management, prescribed fire, 
restoration thinning, cavity creation, and translocations have 
successfully expanded habitat for the RCW. This approach has 
profited economies and associated species while reducing fire 
severity, representing critical complementary benefits. Without 
such complementary benefits, it is unlikely that this manage-
ment program would be exceeding projected recovery rates.

In the southern US, institutionally prioritized prescribed 
burning programs and state laws have facilitated the use of fire. 
RCW populations began to increase soon after the passage of 
the 1990 Florida Prescribed Fire Act and similar legislation 
across many southern states. In shortleaf pine forests, restora-
tion thinning is also supported and, when combined with pre-
scribed burning, provides timber resources for local govern-
ments and produces positive results for the RCW and 
associated species.

History and cultural context greatly influence fire manage-
ment paradigms in each region: the complexity and nuance of 
ecological fire knowledge integration with Anglo-American 
forest management took four centuries to evolve in the South 
(Ryan et al. 2013). The integration in the West is comparatively 
new and is impeded by groups with polarizing views. There are 
several reasons for this, but the two key issues are lack of trust 
in agency motives for restoration and lack of willingness on the 
part of the interested public to prioritize large-scale forest resil-
ience over potential impacts to local SO populations (Stephens 
et al. 2016b). Proactive fire use (prescribed and wildfire) and 
restoration thinning may be key to the long-term conservation 
of SO habitat; not only are these treatments appropriate for the 
majority of SO habitat types, they could improve resilience in 
forests adapted to frequent fire (Hessburg et al. 2015; Stephens 
et al. 2018). SO management could be shifted from a focus on 
habitat preservation to the dynamism associated with more 
intact fire regimes, as has occurred in the southern US. Such a 
shift may result in short- and long-term reductions in total 
amounts of SO nesting and roosting habitat but will accrue 
longer term benefits to the remaining habitat in the face of 
severe wildfires and climate change.

Fire management and ESA habitat requirements are pow-
erful drivers of forest management. We recognize that the 
habitat needs of the RCW and SO are not strictly analogous 
(WebTable 1), but in a large portion of the range of both 
birds, their habitats are adapted to relatively frequent, low- to 
moderate-intensity fire regimes. A policy of active manage-

ment with fire and restoration-based thinning has benefited 
the RCW and overall ecosystem resilience in the southern 
US; management of the SO in the western US could also ben-
efit from adopting those actions. By providing late-seral 
habitats in patch sizes and locations where they would his-
torically occur, and by actively restoring fire regimes over 
large landscapes with successional conditions to support 
them, it is likely that more SOs, and more of their habitat, 
would be conserved over the long term. Importantly, the 
ESA requires that conservation planning be based on the 
best available scientific data, but in the case of the SO, recent 
science on SO vulnerability to wildfire has not translated to 
management. Implementing conservation plans informed by 
science would entail revising policies, establishing public–
private partnerships, and designing endangered species 
management plans that complement other forest objectives 
that have enabled RCW recovery. The co-benefits of 
improved conservation habitat for multiple species, reduced 
fire severity, and timber revenues have resulted from decades 
of experience and an active management culture to include 
more, not less, fire and restoration thinning. Finding ways to 

Figure 6. LiDAR (light detection and ranging) transect images in two CSO 
nesting areas, showing (a and c) top-down and (b and d) profile views. 
LiDAR returns are classified into tree approximate objects (TAOs) and in all 
four images are color-coded by height strata (ranges in meters). The top 
pair of images from Eldorado National Forest (a and b) show a common 
nesting condition of fire-suppressed, dense forest with 75% canopy cover. 
The bottom pair of images (c and d), from a fire-restored location in 
Sequoia and Kings Canyon National Parks, show that an owl nesting area 
can have more open forest conditions with 40% canopy cover, if large 
trees are present.
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accelerate these efforts while ensuring SO conservation is a 
complex task, but such integration would likely improve 
long-term conservation of the SO and ultimately improve 
western US forest resilience.
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We conducted a systematic literature search and meta-analysis of studies with side-by-side life cycle analysis
comparisons of mid-rise buildings using mass timber and conventional, concrete and steel, building materials.
Based on 18 comparisons across four continents, we found that substituting conventional building materials for
mass timber reduces construction phase emissions by 69%, an average reduction of 216 kgCO2e/m2 of floor area.
Studies included in our analysis were unanimous in showing emissions reductions when building with mass
timber compared to conventional materials. Scaling-up low-carbon construction, assuming mass timber is
substituted for conventional building materials in half of expected new urban construction, could provide as much
as 9% of global emissions reduction needed to meet 2030 targets for keeping global warming below 1.5 �C.
Realizing the climate mitigation potential of mass timber building could be accelerated by policy and private
investment. Policy actions such as changing building codes, including mass timber in carbon offset crediting
programs and setting building-sector-specific emissions reduction goals will remove barriers to and incentivize
the adoption of mass timber. Private capital, as debt or equity investment, is poised to play a crucial role in
financing mass timber building.
1. Introduction

The buildings sector is a major source of global greenhouse gas
emissions. Construction related CO2 emissions equaled 5.7 billion tons,
accounting for 23% of the emissions resulting from global economic
activities in 2009 (Huang et al., 2018). More recently, in 2018, building
construction and operations accounted for the largest share of both
global final energy use (36%) and energy-related CO2 emissions (39%)
(UNEP, 2019). The building sector takes on even greater significance
when considering the approaching wave of 2.3 billion new urban resi-
dents (United Nations, 2019) who are expected to drive a doubling the
global building stock by 2060 (World Green Building Council, 2019).
Over the next decade, through 2030, the greatest increases in housing
and infrastructure to accommodate growing urban populations are ex-
pected in China, North America and Europe (UNEP, 2017).

Despite its significance, most national plans for reducing greenhouse
gas emissions (Nationally Determined Contributions) only mention
buildings, falling short of setting sector-specific targets (UNEP, 2019).
Lacking national plans, many cities, businesses, organizations, states and
regions have developed their own building sector emissions targets. For
example, with the aim of limiting global warming to under 2 �C, the
lle, MS, 39759, United States.
imes).
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World Green Business Council’s Net Zero Carbon Buildings Commitment
“challenges companies, cities, states and regions to reach net-zero
operating emissions in their portfolios by 2030, and to advocate for all
buildings to be net-zero carbon by 2050 (The Net Zero Carbon Buildings
Commitment, n.d).”

Changes in all aspects of building operations—powering lighting,
heating, cooling, etc.— will be required to achieve net-zero carbon
buildings. This will mean increasing both energy efficiency and the
generation and procurement of renewable energy (Wiik et al., 2018). As
buildings become more energy efficient, embodied energy—that is, the
energy used in the process of building material production, trans-
portation, construction, maintenance, and demolition/re-use—assumes
greater relative importance (Cabeza et al., 2014; Huang et al., 2018; Lolli
et al., 2019). A building’s embodied energy can be reduced by replacing
carbon-intensive materials, like concrete and steel, with wood (Gus-
tavsson et al., 2017; Sathre & O’Connor, 2010).

Until recently, wood was primarily used in the construction of single
family or small multi-unit wood framed buildings (Brandner et al., 2016),
limiting its potential in urban areas where new, low-carbon construction
should prioritize larger mid-rise buildings (Churkina et al., 2020).
However, the development of mass timber technology in recent decades
tember 2020
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has paved the way for constructing mid- and high-rise buildings with
wood to meet the built environment demands of a rapidly growing global
urban population (Brandner et al., 2016; Harte, 2017).

Mass timber is a category of wood-based framing characterized by the
use of large solid wood panels for wall, floor and roof construction
(Harte, 2017). In the construction of multifamily residential and com-
mercial multistory buildings, cross-laminated timber (CLT) is the most
widely used mass timber product (Brandner et al., 2016; Harte, 2017).
Unlike concrete and steel, which emit CO2 when produced, trees used to
make mass timber products naturally absorb and store CO2 as they grow.
In sustainablymanaged forests, new trees are regenerated to replace trees
that are harvested so that there is no net loss of forest carbon (Gustavsson
et al., 2017). Increasing the amount of wood used in buildings, as a
substitute for more carbon intensive materials, has the potential to
decrease total emissions from the building sector (Hill, 2019).

At the global scale, estimates of the potential for wood buildings to
serve as a climate solution range widely. Oliver et al. (2014) estimated
that a 14%–31% reduction in global CO2 emissions—or about 4.7–10.3
GtCO2 year�1 based on 2019 emissions (IEA, 2020)—could be realized
by substituting wood for concrete and steel in building and bridge con-
struction. The range reported by Oliver et al. was largely dependent on
the efficiency of wood use inherent in different products (i.e., wood
products where a larger proportion of harvested trees ends up in final
product and bi-products are used to produce energy resulted in greater
CO2 emission reductions). The greatest reductions were achieved in
flooring applications with engineered wood I-joists covered with
plywood that was dried using wood energy, but CLT was not considered
in the study (Oliver et al., 2014).

In a more recent study on the potential for wood buildings to serve as
a climate solution, Churkina et al. (2020) found that construction of
wood building for new urban dwellers could provide long-term carbon
storage of 0.01–0.68 GtC/year in the buildings themselves. The variation
in estimates demonstrates the inherent complexity of these studies and
emphasizes the importance of consistent and systematic methods so that
results can be compared (Chastas et al., 2018). The life-cycle assessment
(life-cycle analysis or LCA) approach is widely viewed as best-suited for
analyzing cradle-to-grave environmental impacts of buildings and has
gained global support because the methods are relatively standardized
(Lolli et al., 2019; Rønning and Brekke, 2014).

This study compares structure-level estimates of greenhouse gas
emissions from building with wood to emissions from conventional ma-
terials like reinforced concrete. We systematically searched the literature
to find side-by-side LCA comparisons with the two types of building ma-
terials and conducted statistical analysis of the pooled results to derive
more generalizable conclusions about the climate mitigation potential of
wood buildings (Binkley and Menyailo, 2005; Shelby and Vaske, 2008).
Results from 18 comparisons were compiled and the differences in emis-
sions between wood and conventional building materials during con-
struction phase were analyzed using a linear mixed model. We estimated
that, on average, building with wood can reduce greenhouse gas emissions
by 216 kgCO2e/m2 of floor area, a 69% reduction compared to the esti-
mated average construction phase emissions when conventional materials
are used (95% confidence interval bounded by 146 and 287 kgCO2e/m2).
By extension, we estimate that substituting mass timber for conventional
building materials in half of expected new urban construction could ac-
count for 9% of the annual global emissions reductions needed between
2020 and 2030 in order to keep global temperature increases under 1.5 �C.

The remainder of the paper is organized as follows. In section two, we
describe the methods for the systematic literature review, statistical
analysis, and scaling-up low-carbon construction. In section three, we
describe our results. Section four includes a discussion of the results and
potential implications in the context of global climate as well as high-
lighting potential pathways, through policy instruments and private in-
vestment for realizing emissions reductions from wood-based
construction. Finally, we conclude by summarizing the key points of the
paper.
2

2. Methods

2.1. Systematic literature review

We conducted a systematic search of the literature for all the
following combinations of terms: “mass timber” AND “life cycle anal-
ysis”; “mass timber” AND “life cycle assessment”; “mass timber” AND
“LCA”; “cross laminated timber” AND “life cycle analysis”; “cross lami-
nated timber” AND “life cycle assessment”; “cross laminated timber”
AND “LCA”; “CLT” AND “life cycle analysis”; “CLT” AND “life cycle
assessment”; “CLT” AND “LCA”. We used alternative forms, e.g. “CLT”
and “cross laminated timber”, in an attempt to capture all relevant arti-
cles in the search. We used both “life cycle analysis” and “life cycle
assessment” as these terms have been used to describe very similar
analysis or used interchangeably. To ensure an adequate survey of
literature we conducted the search using two different databases, Web of
Science and Google Scholar. The search was carried out in October of
2019 and terms could appear anywhere in the text. Web of science
yielded 55 returns and Google Scholar an additional 305 returns for a
total of 360. We reviewed all items to isolate peer reviewed studies using
LCA methods with side-by-side comparison of mass timber buildings to
conventional building materials in structures with three or more stories.
While differences in greenhouse gas emissions between mass timber and
conventional materials has been documented during operations and end-
of-life phases of buildings (Durlinger et al., 2013; Guo et al., 2017; Liu
et al., 2016), we focused on studies for which construction phase data
could be isolated. We limited the study to construction phase compari-
sons because: (1) it is most consistently reported in the literature; (2) it is
the phase most affected by choice of building material; (3) it is the most
relevant phase to achieve near and mid-term emissions goals; and (4) it is
not subject to speculation about patterns in future consumption, building
life-span, or material disposition (e.g., landfill, recycle, burn, burn for
energy).

In the present study, we consider the construction phase to include
emissions from building material production, all supply chain related
transportation and actual erecting of the building. This definition of
construction phase corresponds to modules A1-A5 as defined in the Eu-
ropean standard EN 15804 (EN, 2012). However, the European standard
is not utilized universally in the literature or in all parts of the world. The
construction phase is also sometimes broken down into the “production”
(of raw materials) and “construction” (building erection) phases (Tettey
et al., 2019) and in other cases they are collectively referred to as the
manufacturing phase (Ramesh et al., 2010). In other cases, the term
“cradle-to-gate” is used to describe the complete production phase as
described above without reference to the European standard modules
(Sandanayake et al., 2018; Padilla-Rivera et al., 2018) while others
exclude emissions from transportation to the building site and on-site
building erection from “cradle-to-gate,” with (Skullestad et al., 2016)
or without (Robertson et al., 2012; Zeitz et al., 2019) explicit reference to
modules A1-A3. The inconsistent use of standards and terminology in the
literature created some difficulty in setting common system boundaries
to be included in our analysis. Ultimately, we included data from studies
where we could isolate emissions on a kgCO2e/m2 of floor area basis with
or without the inclusion of transportation to the building site and con-
struction activities (Fig. 1). We included studies that did not consider
transportation of building materials to the construction site or con-
struction actives (A4&A5) because the relatively small proportion of
onsite emissions associated with building erection as a share of total
construction phase emissions. Further, there is evidence that the differ-
ence in transportation emissions between timber and non-timber build-
ing materials was expected to be minor. For example, Cole (1998) found
that emissions during actual building construction ranged from 0.8 to 2.5
kgCO2eq/m2 for wood buildings using glulam structural frames overlaid
with wood decking and 5 to 20 kgCO2eq/m2 for cast-in-place reinforced
concrete walls. Dodoo (2019) estimated building construction to account
for 5–6 kgCO2eq/m2 depending on thematerials. Further, emissions from



Fig. 1. Phases of a life cycle assessment and corresponding modules following EN 15978:2011 (2011). We analyzed studies reporting construction phase (within the
system boundary) comparisons between wood and conventional materials in mid-rise buildings. A subset of the studies (Robertson et al., 2012; Skullestad et al., 2016;
Zeitz et al., 2019) did not include emissions from transporting building materials to the construction site or emissions associated with on-site construction activities.
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transporting materials to the construction site and erecting the building
were often not reported separately from other construction phase emis-
sions in studies that included them. The potential impact of this incon-
sistency was mitigated by our analytical approach of analyzing
differences between within-in study comparisons of different materials
rather than differences between the average emission for different
building materials.

In total, 11 peer-reviewed publications detailing 18 comparisons met
the criteria above. Construction phase emissions in units of kgCO2eq/m2

for the two types of building materials were compiled from the 18
comparisons along with supporting information like the total floor area,
number of stories, type of building and region where the study was
conducted (Table 1). Buildings used in the analysis ranged from 3 to 21
stories and from 1,140–29,100 m2 of floor area. Building types included
commercial, mixed-use, multi-unit residential and parking garages. The
sample included one building from Australia, 6 from China, 7 from
Europe, and 4 from North America (Table 1).
2.2. Statistical analysis

We specify a linear mixed model (LMM) to estimate the average
difference in construction phase emissions between buildings con-
structed using wood and conventional building materials, β1 below. The
corresponding 95% confidence interval around the estimated coefficient
β1 provides a range of plausible values for the parameter. The LMM was
estimated from 18 sample pairs of buildings drawn from the literature
and specified as follows:

Yt ¼ β0þ þ β1I.timt þ (br)t þ ct þ εt

where

Yt is the estimated CO2/m2 emissions of the tth building from the rth
study; r ¼ 1, …,11; t ¼ 1, …,36
β0 is the mean emissions of constructing buildings with conventional
materials
β1 is the incremental effect on emissions of constructing buildings
with mass timber.
3

I.tim is a dummy variable equal to 1 for buildings constructed with
timber and 0 otherwise
br is the random effect of the rth study
ct is the random effect of the building size of the tth building
εt is the random error associated with the estimate of emissions of the
tth building.

The residuals are assumed to be independent, normally distributed
and with constant variance. Visual inspection of residual plots indicated
that the assumptions of the LMM were adequately met except for
normality. Despite the exception of the normality assumption, we opted
to use the model because linear models are robust against assumptions of
normality.

Typically, meta-analyses assign weights to results from different
studies based on sample size and variance (Shelby and Vaske, 2008).
Because each building comparison in our analysis is a single case study
with no variance, there is no need to assign weights. While all studies
employ a basic LCA framework, the assumptions underlying each study
vary. Furthermore, even though each study is focused on the construction
phase of building LCA there are still methodological differences in
delineating system boundaries driven by researcher choices and varia-
tion in LCA protocol standards. The specific location of each study and
the size of building considered could also impact emissions from trans-
portation of raw materials and construction efficiencies. Assigning study
and building size as random effects in an LMM allow us to account for
some of the variability across studies. All statistical analyses were carried
out using R Statistical Software (Team, 2017).

2.3. Scaling-up low-carbon construction

To illustrate the potential of mass timber as a climate solution, we put
our results in the context of 2030 global emission targets to limit global
warming to 1.5 �C. We begin by assuming 50% of new urban construction
substituted mass timber for conventional building materials from 2020 to
2030. We select 50% of new urban construction as a benchmark not
becausewe believe it is themost likely scenario but becausewe believe it is
a feasible upper bound on the potential for mass timber as a substitute for
conventional materials in the next ten years. Further, Churkina et al.



Table 1
Detailed list of studies included in analysis.

Paper Region Comparison(s) Building
size (m2)

Number
of floors

Dodoo (2019) Europe Reinforced concrete
residential building
with CLT redesign.

1140 4

Guo et al.
(2017)

China Four residential
reinforced concrete
buildings to CLT re-
designs.

2636 4564
7134
10,990◊

4 7 11 17

Liu et al., 2016
b

China Concrete residential
building to CLT re-
design in two
different parts of
China.

2799 7

Padilla-Rivera
et al., 2018 bd

North
America

CLT residential
building to
comparable concrete
frame.

1512 4

Pe~naloza et al.,
2016 b

Europe Simulated
comparison of CLT
residential building
to concrete.

6078 12

Pierobon et al.
(2019)

North
America

Concrete office
building to hybrid
CLT re-design.

10,702 11

Robertson et al.
(2012)

North
America

Concrete-frame office
building to CLT
redesign.

14,233 5

Sandanayake
et al. (2018)

Australia Reinforced concrete
commercial building
to comparable CLT
mixed use building.

Concrete
was 17,104
CLT was
11,960

15 11

Skullestad et al.
(2016) c

Europe Four reinforced
concrete buildings to
CLT redesigns.

2613 6076
10,542
11,823

3 7 12 21

Tettey et al.
(2019) a

Europe Prefabricated
concrete frame
apartment building
to CLT redesign.

1686 6

Zeitz et al.
(2019)

North
America

Post-tension concrete
parking garage to
comparable CLT
parking garage.

Concrete
was 29,100
CLT was
19,900

4 4

◊Details on building size from personal communication with the corresponding
author.
┘Study included operational and end-of-life phases also.

a Study used both coal and fossil gas as a basis for substitution when calcu-
lating emissions, we used fossil gas number which were more conservative.

b Emissions numbers for construction phase were extrapolated from figures.
c Study included reference, best-case and worst-case scenarios, we used

emissions from the “reference scenario” for analysis.
d Authors derived emissions for concrete comparison from another study.

Fig. 2. Average difference in global warming potential during construction
phase from building with mass timber compared to conventional materials
(mass timber emissions – conventional building material emissions). The
average difference equals a 216 kgCO2/m2 reduction, 69% of the estimated
average construction phase emissions using conventional materials after ac-
counting for random effects of study and building size which equaled 312
kgCO2/m

2 (the zero-reference line above).
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(2020) suggest even higher levels of substitution may be feasible when
considering slightly longer time-frame (30-years) and could be met sus-
tainably from unexploited forest harvest potential. We estimate annual
demand for new buildings over the next decade by multiplying the pro-
jected annual increase in global urban populations by the mean floor area
per/capita of cities (30 m2) (Churkina et al., 2020; United Nations, 2019).
This assumes that the building space requirements for new urban dwellers
will remain constant, which is reasonable given the relatively short pro-
jection period of 10 years. We thenmultiply 50% of annual demand by our
estimate of annual emissions reductions for each year of the next decade to
calculate total global annual emissions reductions from the substitution of
mass timber in half of new urban construction. Finally, we compare annual
emissions reductions from substituting conventional building materials
with wood to the total annual emissions reductions needed to meet global
2030 emissions targets for limiting temperature rise to 1.5 �C, i.e. annual
emissions decrease of 7.6% from 2020 to 2030 (see Supplementary Ma-
terials) (UNEP, 2019).
4

3. Results

The average difference in construction phase emissions between
wood and conventional building materials was (�)216 kgCO2e/m2 of
floor area (p < 0.01) and the 95% confidence interval was (�)146 to (�)
287 kgCO2e/m2 (Fig. 2). In other words, mass timber buildings emitted
on average 216 kg CO2e/m2 less in construction phase than their counter
parts constructed using conventional building materials. The estimate of
the intercept, i.e. the average emissions using conventional materials
after accounting for the random effects of study and building size, was
312 kgCO2e/m2 of floor area (p < 0.01). Thus, substituting conventional
building materials with timber represents a 69% reduction in CO2e
emissions in the construction phase. The conditional R2, an indicator of
the proportion of variance in the response explained by the both fixed
and random effects included in the model, was 0.78 (Lefcheck et al.,
2016).

These results are consistent with Cadorel and Crawford’s (2018) re-
view of CLT LCAs which found substituting wood for conventional
building materials results in reduces greenhouse gas emissions. In a re-
view of global emissions from the construction sector, Huang et al.
(2018) also conclude that substituting conventional building materials
for those with low embodied carbon, like wood, is a key strategy to
reducing global greenhouse gas emissions. Based on this estimate
substituting wood for conventional building materials in 50% of new
construction globally could meet 9% of annual emission reductions
needed by 2030 to prevent temperatures from rising more than 1.5 �C.
This result is similar in scale to estimates of potential stored carbon in
buildings if 50% of new urban construction used substituted mass timber
for conventional buildings materials (Churkina et al., 2020).

4. Discussion

All studies in our analysis found that mass timber buildings produce
less emissions compared to reinforced concrete buildings in the con-
struction phase. Some comparisons in our analysis included all building
LCA phases—construction, operations (emissions during the operating
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life the building, typically 50-years), and end-of life (emissions from
demolition and material disposition)—and each concluded total lifecycle
emissions were lower when building with mass timber compared to
conventional materials. Further, all studies found that mass timber has
the largest proportional benefit over conventional building materials in
the construction phase (Tettey et al., 2019; Dodoo, 2019; Guo et al.,
2017; Liu et al., 2016; Pe~naloza et al., 2016).

Although the operational phase typically dominates total lifetime
energetic and climactic impacts of buildings, these impacts are over many
decades and as energy efficiency improves, construction becomes pro-
portionally more significance (Cabeza et al., 2014; Thormark, 2002). In a
meta-analysis, Ramesh et al. (2010) noted the construction phase ac-
counts for 10–20% of the buildings’ total lifecycle energy use. However,
for a low-energy building Thormark (2002) showed that the share of the
total lifecycle energy used in the construction phase may be as high as
45% of total lifecycle energy use. Further, the operation phase is typically
based on a 50-year or longer building use cycle, a timescale which be-
comes less relevant in light of potentially catastrophic consequences from
global warming if emissions are not curbed in the next 10 years (Global
Warming of 1.5 �C —, n.d.). On the other hand, our scaled-up results
suggest that substituting conventional building materials with mass
timber could make substantial contribution toward achieving the
near-term emission reductions necessary in order to prevent global
warming from exceeding 1.5 �C.

Methods, including LCA boundary selection, varied somewhat be-
tween some studies highlighting the need in future research to further
systematize protocol to facilitate easy comparisons. A great amount of
variability can arise due to assumptions about carbon stored in wood
building materials and whether it is treated as a credit or ignored based
on the assumption that any stored carbonwill be emitted at the end of life
(Hill, 2019). To date, there is no consensus on methods for accounting of
carbon stored in wood (Tellnes et al., 2017).

Reflecting this lack of consensus, the studies included in our analysis
use a range of approaches to address stored carbon in wood building
materials. Dodoo (2019), Padilla-Rivera et al. (2018), Pierobon et al.
(2019), Sandanayake et al. (2018), (Ayikoe Tettey et al., 2019), and Zeitz
et al. (2019) assumed no net biogenic carbon stored or released, i.e.
bioproducts used in the construction phase were treated as carbon
neutral and no credit was given for long term storage of carbon in
building materials. In contrast, several studies assumed net carbon stor-
age in wood building materials. Guo et al. (2017), Liu et al. (2016), and
Robertson et al. (2012) all assume net carbon storage in wood building
materials equal to 753–800 kg CO2e/m3. Extending this analysis,
Pe~naloza et al. (2016) and Skullestad et al. (2016) examined multiple
scenarios where net carbon storage deviated from a carbon neutral
baseline. For example, Pe~naloza et al. (2016) included LCA scenarios
where forests were considered in the LCA system boundary and they
accounted for the timing of biogenic carbon sequestration by trees,
duration of carbon storage in wood products and emissions. Skullestad
et al. (2016) included approaches suggested by Guest et al. (2013) for
incorporating biogenic carbon emissions and storage into LCA which
resulted in the CLT building having negative emissions (i.e., they were a
net sink) when biofuel from wood production substituted natural gas. In
our analysis, if multiple scenarios were presented we used the data re-
ported for scenarios where wood building materials were assumed to be
carbon neutral, which were always the most conservative.

The treatment of carbon stored in long-lasting wood products like
mass timber in LCA is not trivial. Churkina et al. (2020) estimated that
potential for timber buildings to store as much as 0.68 Gt of carbon per
year which would create a substantial carbon sink. However, carbon
being stored in buildings is being transferred from forests, which also act
as a carbon sink. Whether transferring carbon from the forest to the built
environment will reduce atmospheric greenhouse gas concentrations
depends on how the forest is managed and how long the building is in
service (Guest et al., 2013; Gustavsson et al., 2017). For example, if the
wood used to make mass timber is taken from a forest that is replaced
5

with agriculture after harvest (deforestation) then the land-use change
related emissions and emissions from manufacturing the timber products
will likely more than offset the long-term storage benefits. The use of
mass timber that is certified sustainable by a reputable certifying body
with a chain of custody standard, such as Forest Stewardship Council or
Sustainable Forestry Initiative, virtually eliminates that possibility.

The relative lifespan of a mass timber building and the length of the
forest rotation (number of years between planting and harvesting) will
also influence the potential climate benefits from building with wood. If
the lifespan of the building is shorter than the average rotation in the
forest and the carbon in the wood is re-emitted to the atmosphere when
the building is demolished, then total carbon storage would be less than if
the forest was not harvested and simply left to grow (Guest et al., 2013;
Skullestad et al., 2016). However, if the lifespan of the building is longer
than the average rotation in the forest providing the wood, then total
carbon storage between the two sources should be treated as a sink
(Guest et al., 2013; Skullestad et al., 2016). This implies that increasing
the lifespan of mass-timber buildings and simultaneously accelerating
the growth of the forests generating the raw material will increase the
importance of wood building’s carbon storage potential.

When considering long-term carbon storage potential, it is also
important to account for the size of the respective carbon pools, in both
the forest and built environment. Law et al. (2018) point out that some
forest systems have the capacity to store much more carbon than they do
under sustainable short-rotation production forestry but Churkina et al.
(2020) challenge that the carbon storage density of mass timber build-
ings is comparable or even larger than some of the most carbon dense
forest systems in the world. Another important consideration is the
growth rate of the forest pool. Moving carbon from the forest pool to the
built environment pool is more likely to have a global warming benefit if
the harvested trees are growing slowly and harvesting and regenerating
the forest will lead to more rapid carbon accumulation in the forest
(Gustavsson et al., 2017). These complicated interactions between the
carbon pools in timber buildings and the forest suggest incorporating
forests into LCA system boundaries and utilizing dynamic methods that
track sequestration and emissions over time could provide important
information for decision makers (Pe~naloza et al., 2016).

Some authors have suggested that LCA analysis be viewed cautiously.
Harmon (2019) conducted a sensitivity analysis around LCA assumptions
for mass timber construction and concluded that GHG benefits compared
to concrete and steel may be overestimated 2–100 fold. Harmon’s (2019)
conclusions are based on challenging the assumptions implicit in many
LCA substitution studies that carbon displacement value remains con-
stant, the displacement is permanent without leakage and that there is no
relationship between building longevity and substitution longevity.
However, even if these assumptions do not hold, the over-estimates
Harmon projects take 300-years to accumulate and have negligible
impact on estimates of construction phase substitution benefits in the
first ten years, which is the critical period considered here. Zeitz et al.
(2019) also downplay the benefits of mass timber, demonstrating that the
composition of concrete and steel had a large impact on analysis and
when best practices for both conventional and mass timber materials are
used, differences in global warming potential between the two become
very small. Zeitz et al.‘s results are important but only represent a single
case which has been included in our metanalysis. The impacts of building
with mass timber can fluctuate regionally and depend on many factors
like the availability of materials, transportation, manufacturing and
regional energy sources. Thus, when considering potential global im-
pacts, meta-analysis like this study represent pooled knowledge and the
highest level of expert confidence (Binkley and Menyailo, 2005).

Co-benefits and trade-offs of building with mass timber should be
considered in conjunction with climate impacts. Mass-timber out-
performed re-enforced concrete with respect to other LCA environmental
indicators including reduced smog potential, reduced ecological toxicity,
reduced acidification potential, reduced ozone depletion potential, and
improved human health effect potential (Durlinger et al., 2013; Pierobon
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et al., 2019; Robertson et al., 2012). Mass-timber has comparable con-
structions costs to conventional building materials but can reduce con-
struction time for mid- and high-rise buildings, which may make it an
attractive alternative from an investment perspective (Cazemier, 2017;
Mallo and Espinoza, 2016). The aesthetic and acoustic properties of
buildings with interior exposed wood surfaces are also desirable (Espi-
noza et al., 2016; Laguarda Mallo and Espinoza, 2015; Mallo and Espi-
noza, 2016). Building with wood has desirable seismic properties
(Brandner et al., 2016) but concerns still remain regarding perceived
durability and fire risks relative to conventional building materials
(Kremer and Symmons, 2018). There are also likely trade-offs in other
ecosystem services when forests are managed to maximize carbon ben-
efits from wood utilization (Himes et al., 2020).

Finally, we recognize the important role of both policy and private
investment in order to scale-up low-carbon construction. First, removing
policy barriers to the deployment of mass timber, such as building
standards codes and site permitting, would increase industry adoption
and familiarity among architects, developers and construction companies
in turn (Espinoza et al., 2016; Kremer and Symmons, 2018; Laguarda
Mallo and Espinoza, 2015). Second, the introduction of both regulatory
and market-based policies could be used to further unlock the climate
mitigation potential of mass timber building. Within a regulatory
framework, building-sector-specific targets that include long-term car-
bon storage in wood could be incorporated into national carbon plans
(NDCs). In addition, incorporating mass timber into existing offset
crediting programs (voluntary or compliance) would immediately
incentivize the use of wood building materials.

Alongside policy changes, private capital, as equity or debt invest-
ment, may also play a critical role in unlocking the climate mitigation
potential of substituting wood for conventional building materials. For
example, the development of institutional scale investment opportunities
in sustainable, low-carbon buildings could help investors achieve both
financial and climate targets along with the portfolio benefits of real
estate. On the debt side, green bonds could provide an effective way to
finance large-scale wood buildings, similar to green bonds for energy
efficiency upgrades in buildings, which totaled $47 billion (USD) in 2017
(IAE and UNEP, 2018). Further, for investors with climate or portfolio
decarbonization targets, both equity and debt investment in mass timber
building could provide assurances that their investment will contribute
to measurable emissions reductions.

5. Concluding remarks

� According to our meta-analysis, substituting conventional building
materials with mass timber in mid-sized urban construction reduces
construction phase emissions by an average 216 kgCO2e/m2 of floor
area, a 69% reduction. Studies included in our analysis were unani-
mous in showing emissions reductions when building with mass
timber compared to conventional materials. The importance of this
reduction increases as buildings become more energy efficient and
the need to reduce emissions becomes more eminent.

� Although the LCA methodologies are relatively standardized, varia-
tion in approaches taken by researcher still exist which have sub-
stantial impact on individual study results. The variation between
individual studies can also arise from context specific parameters, like
resource availability and transportation distance. By incorporating
the results from multiple individual studies in a single analysis we
provide a more generalizable estimate of potential global benefits of
substituting conventional building materials with mass timber.

� We estimate that substituting conventional building materials with
wood in half of new urban construction could provide 9% of global
emissions reduction needed to meet 2030 targets for keeping global
warming below 1.5 �C. This could be a substantial piece of the
emission reduction portfolio needed to meet the ambitious 2030
target without substantial changes to consumption, life-style or pol-
icy. Almost a tenth of necessary emissions reductions could come
6

from choosing a different material for expected urban construction
that will occur one way or the other.

� Realizing the climate mitigation potential of mass timber building
may be supported by both policy and private investment. Allowing for
the incorporation of mass timber in building codes, carbon offset
crediting programs and building sector emissions reduction goals will
remove barriers and incentivize greater adoption of mass timber.
Private capital in the form of institutional scale investment or green
bonds could play a crucial role in financing mass timber building.
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